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A majority of Earth’s surface is covered by the marine ecosystem. This ecosystem 
is characterized by the numerical dominance of microbes, both eukaryotic and 
prokaryotic and their infecting viruses. As the basis of the food web in marine systems 
these members of the microbial community are vital to the function of the planet. Despite 
their noted importance, the microbial communities in many oceanic regions are largely 
uncharacterized due to geographic isolation, including the largest oceanic basin on the 
planet, the North Pacific Ocean. Basin scale studies of the North Pacific have primarily 
focused on characterization of abundance and diversity of bacteria and viruses. 
Interactions between these microbial constituents have been largely unexplored on a 
basin scale. As such, this body of work aims to generate hypotheses on the influence that 
biotic interactions have on microbial community structure and evolution on a basin scale. 
First, the role biotic interactions responsible for shaping virus abundances and production 
rates in the North Pacific Ocean were examined. We found that virus abundance and 
production rates correlated to bacterial taxa that are enriched in particle associated 
communities, indicating that particles may serve as sites of increased viral activity in the 
North Pacific Ocean. Secondly, we utilized network analysis to explore inferred bacterial 
co-occurrences within the North Pacific Basin. We found that diverse taxa participate in 
at least one significant co-occurrence with another microbe within this basin. Further, 
network topology parameters, such as high connectance and low modularity, proposed to 
be hallmarks of community stability differed regionally, indicating that the North Pacific 
Subtropical Gyre may be more robust to environmental changes. Finally, we developed 





co-occurring cyanomyovirus, to identify genes necessary for lytic viral infection. 
Characterization of these genes will allow for a more holistic understanding of the 
interactions between this cyanobacterium and its infecting viruses in the natural 
environment. These findings highlight the importance of considering interactions 
between microbial entities in the marine system in understanding the functioning of 
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Microbial communities in marine systems 
A vast majority of the Earth’s surface is comprised of the marine ecosystem 
which serves as a vital food source to human populations (Food and Agriculture 
Organization of the United Nations Fisheries Department 2016). This complex and 
geochemically diverse ecosystem has many commonalities, one being an abundance of 
microscopic organisms. While it was known microbial cells were abundant in marine 
systems, with abundances raging from 9x103 to 3.2x106 cells mL-1, only being 
outnumbered by viruses (Daley and Hobbie, 1975; Ferguson and Rublee, 1976; Fuhrman 
et al., 1989; Whitman et al., 1998; Wigington et al., 2016). The microbial subset of the 
biological community contains the majority of the biomass in the oceanic system 
(Fuhrman et al., 1989).  As such, these communities play a vital role in global 
biogeochemical cycling, with 50% of global net primary production within these regions 
being carried out by phytoplankton (Azam et al., 1983; Field et al., 1998).  
Given the role marine microbes play in chemical cycling on Earth, factors that 
influence the structure (phylogenetic composition and taxon abundances) of the microbial 
community in the World’s oceans has been an active area of research (Bier et al., 2015).  
It has been proposed that microbes are globally dispersed and the unique suite of abiotic 
factors in a local environment selects for certain taxa (Finlay, 2002; Lima-Mendez et al., 
2015; Sunagawa et al., 2015). This local environmental selection has been proposed to be 
the means by which marine microbial communities maintain their diversity. The high 
diversity of aquatic microbial communities are maintained through shifting 
environmental parameters and resultant changes in competitive fitness that take place on 





1961; Li and Chesson, 2016).  Characterizing microbial community structure and the role 
environmental selection plays was revolutionized by the advancements of DNA 
sequencing. Through the application of these technologies, such as 16S rRNA gene 
amplicon libraries and shotgun metagenomes, we are beginning to understand marine 
microbial diversity and how bacterial communities vary in both time and space (Karl and 
Church, 2014; Pedros-Alio, 2006).  
Marine systems are dynamic and change on various time scales, from daily and 
seasonal light fluctuations, to decadal oscillations in water temperatures and stratification 
events (Fuhrman et al., 2006; Gilbert et al., 2012; Overland et al., 1999; They et al., 2015; 
Treusch et al., 2009). Eularian studies, or temporal studies at a single site, indicate that 
factors constraining microbial community structure include sunlight, temperature, 
salinity, nutrient concentrations and stratification. These parameters and their changes 
can be used to predict changes in microbial community structure at a given site over time, 
however, these factors are geographically variable likely due to the variability of 
microbial communities regionally (Bryant et al., 2016; Fuhrman et al., 2006; Fuhrman et 
al., 2008; Sul et al., 2013).  
Abiotic factors driving biogeography of microbial communities across diverse 
ocean regions are complex, with temperature and salinity eliciting the strongest influence 
on microbial localization (Lozupone and Knight, 2007; Signori et al., 2014; Sunagawa et 
al., 2015). Although we have gained insight into the role that physiochemical gradients 
and time play in shaping the microbial communities globally, it is becoming increasingly 
apparent that a primary component of microbial community structure that has not been 





evidenced by these interactions being documented as the primary driving factor of 
biogeographic dissimilarity (Lima-Mendez et al., 2015). The purpose of this review is to 
focus on the surface oceans including: the role viruses play in shaping microbial 
community structure, the role of viruses in driving host diversity, and the interactions 
between microbial cells. 
 
Viruses in the marine system 
Historically, it was assumed that inorganic carbon fixed by photosynthetic 
microbes generally moved through trophic levels linearly, and was ultimately 
incorporated into the biomass of macroorganisms. However, Pomeroy (1974) proposed 
that, a portion of the carbon fixed by photosynthetic microorganisms could be respired by 
their heterotrophic counterparts. This led researchers to further investigate the flow of 
carbon in marine systems, which ultimately resulted in characterization of the ‘microbial 
loop’, proposed by Azam et al. (1983).  The mechanism by which this carbon re-
utilization occurred was not clear, but given the importance of marine microbes to global 
nutrient cycling, interest piqued in processes contributing bacterial lysis and subsequent 
carbon release. Although early studies focused on grazing as the primary mean of 
bacterial mortality, studies showed there was an imbalance between bacterial growth 
rates and loss due to grazing (Mcmanus and Fuhrman, 1988). Ultimately, these findings 
led to the hypothesis that viruses were another primary source of bacterial removal in 





Estimates of virus-induced bacterial mortality in marine systems now equal or 
surpass that of grazing (Fuhrman and Noble, 1995; Mojica et al., 2016; Steward et al., 
1996; Wilhelm and Suttle, 1999). Although the first bacteriophage was isolated from the 
marine environment in 1955, it was not until the late 1980s when viral abundances were 
measured to reach 108 viruses mL-1 of seawater. These abundances were much higher 
than previously reported, and led to the hypothesis that viruses play a vital role in the 
observed imbalance between bacterial mortality and grazing (Bergh et al., 1989; Spencer, 
1955). Enumerated viruses were actively infectious and capable of lysing both 
cyanobacteria as well as heterotrophic eukaryotes (Bergh et al., 1989; Proctor and 
Fuhrman, 1990, 1992). The discovery that viruses were not only numerous, but also 
agents of bacterial mortality that played a role in shaping global biogeochemical cycles 
sparked a renaissance of investigation of marine phage and the importance they play in 
shaping the marine ecosystem (Mann, 2005). Since this time, marine virus ecology has 
primarily focused on two main avenues: the role of phage infection in affecting 
biogeochemical cycling and the abundance and diversity of viruses.  
Role of viruses biogeochemical cycling 
Viruses are the most abundant biological entity in the marine system, 
outnumbering microbial cells by < 3% to 160% in the surface oceans (Wigington et al., 
2016). As obligate parasites they infect microbial cells to replicate, which leads to death 
of the host organism. Viruses that infect bacterial cells are known as bacteriophage, or 
phage. It is estimated that the fate of 20-40% of bacteria is lysis by phage, which allows 
145 GT of carbon to be re-utilized by the microbial community annually (Lara et al., 





lysis including 4.6 and 27.6 GT annually of nitrogen and phosphorus, respectively (Lara 
et al., 2017). These lysis events stimulate productivity in marine systems (Middelboe et 
al., 2003; Shelford and Suttle, 2018). This re-utilization of nutrients by the microbial 
community has been termed the viral shunt and has drastically altered our understanding 
of the marine food web and global biogeochemical cycles (Fuhrman, 1999; Wilhelm and 
Suttle, 1999). Not only do viruses modulate the flow of carbon in marine systems, they 
also serve as large elemental stores with estimates of carbon contained within virus 
particles to reach 270 MT. Approximately <0.01 to >50% of dissolved organic 
phosphorus within any region is contained in viruses (Jover et al., 2014a; Wilhelm and 
Suttle, 1999). As such, it has been suggested that virus particles themselves may serve as 
a nutrient source in marine systems (Noble and Fuhrman, 1999). 
Due to these factors, understanding parameters that constrain virus abundance and 
production rates (i.e., a measurement of viruses produced from lysis of microbial cells) is 
vital for accurate understanding of the role of viruses in marine systems. Identification of 
a suite of abiotic factors that influence virus dynamics globally has been elusive, as these 
factors vary regionally (Matteson et al., 2012; Rowe et al., 2012; Rowe et al., 2008) and 
likely as a consequence of geographically distributed virus communities.  Virome (i.e., 
virally targeted metagenomes) and isolation studies of viruses indicate highly diverse 
communities regionally, with lower diversity globally (Brum et al., 2015; Ignacio-
Espinoza et al., 2013). This finding of low global diversity of virus communities lends 
credence to the “Bank model” proposed by Breitbart et al. (2007), which states that while 
a majority of viruses are ubiquitously distributed, the local environment selects for the 





Identification of abiotic factors affecting virus dynamics is further complicated by 
temporal variation, as viral communities and infection cycles are documented to change 
on multiple time scales from minutes to years (Aylward et al., 2017; Marston et al., 2013; 
Mathias et al., 1995; Parsons et al., 2012; Winter et al., 2004; Yoshida et al., 2018). 
Studies on the interactions of virus and host cells in the marine environment are 
characterizing how viruses shape marine systems beyond their role in nutrient cycling 
through shaping microbial community structure. 
 
Microbe-virus interactions 
Viruses modulate community structure and function 
Although many studies have focused on abiotic drivers of virus abundance and 
production rates, less is known about the interaction of viruses with local microbial 
communities across the marine biome (Matteson et al., 2012; Rowe et al., 2012; Rowe et 
al., 2008). As obligate parasites, viruses are inherently linked to their cellular hosts. This 
has been indirectly shown through correlations of abundance or production of total or 
subsets of the virus communities to chlorophyll concentrations, secondary production 
rates (i.e., measure of carbon incorporation into biomass), or microbial (i.e., 
picoautotroph, picoeukaryote, bacteria) abundances in several marine regions (Liang et 
al., 2014; Matteson et al., 2012; Matteson et al., 2013; Rowe et al., 2008). However, 
directly linking viruses to hosts in the natural environment is difficult due to the diversity 
of virus communities and the high percentage of uncultured microbes. A majority of 





known homologues isolated (Hurwitz and Sullivan, 2013). Next-generation sequencing 
has allowed for progress on this front through correlational analysis of 
metatranscriptomes to link unculturable (at least as-of-yet) virus-host pairs 
(Moniruzzaman et al., 2017). This knowledge gap will be further explored in Chapter 1 
of this dissertation, in which 16S rRNA gene amplicon libraries were leveraged to 
identify taxa that explain dissimilarity of virus dynamics on a basin scale.  
Despite these difficulties, several hypotheses exist to explain the roles of viruses 
in shaping marine microbial community structure. Given that viruses are non-motile they 
are dependent coming in contact with their host. As such, when the abundance of 
susceptible host increases so does the probability that a virus will come in contact with its 
infecting viruses. This hypothesis, dubbed ‘Kill the Winner,’ has been used as evidence 
that viruses are necessary to maintain diversity within a bacterial population (Thingstad, 
2000; Thingstad and Lignell, 1997). Though widely accepted, testing of this hypothesis 
in the environment has proven difficult, with the best-documented support being the role 
viruses play in facilitating algal bloom collapse in marine environments (Jacquet et al., 
2002; Schroeder et al., 2003). However, modeling efforts further support this hypothesis 
by showing that inclusion of phage in modeled bacterial communities leads to higher 
diversity and prevents trophic exclusion between cyanobacteria and eukaryotic 
heterotrophs (Maslov and Sneppen, 2017; Weitz et al., 2015). In laboratory-based 
constructed communities, however, initially diversity increases in phage-
amended/infected cultures, although this phenomenon was transient and steady-state 
communities were indistinguishable from cultures with no infecting phage present 





led to conflicting results. In natural communities amended with virus there were no 
reproducible compositional changes (Hewson and Fuhrman, 2006; Schwalbach et al., 
2004) but mesocosm studies however, found evidence of kill-the-winner dynamics in 
treatments when amended with nutrients (Sandaa et al., 2009).  This disconnect between 
biological and modeling studies may lie in the assumption underlying the Kill the Winner 
hypothesis that a viral strain is not capable of cross-infectivity of several species. This is 
not to be the case in natural systems (Hanson et al., 2016; Maslov and Sneppen, 2017) 
and would generate misleading information from modeling studies with single-infectivity 
input.   
Beyond virally induced lysis of microbes, infection of microbial cells has been 
implicated in changing function of microbial communities through altering host 
metabolisms and genetic regulation in host cells. Puxty et al. (2016) show that the carbon 
fixation of two globally important cyanobacteria, Prochlorococcus and Synechococcus, 
ceases during infection by two environmentally relevant virus strains. This is reflected in 
transcriptional changes in which almost 90% of host genes are transcriptionally 
suppressed during active infection by viruses (Doron et al., 2016).  
Based on sequence analysis of virus communities has shown that many 
bacteriophage in the surface ocean carry diverse but highly conserved genes that can alter 
nutrient uptake, as well as carbon metabolism, including genes involved in 
photosynthesis, phosphate and nitrogen uptake, and nucleotide metabolism (Breitbart et 
al., 2007; Goldsmith et al., 2011; Lindell et al., 2005; Monier et al., 2017; Sullivan et al., 





transcribed and functional during virus infection, which leads to distinct metabolisms for 
infected versus uninfected cells (Rosenwasser et al., 2016; Thompson et al., 2011).  
Although evidence is still limited to model systems, viral infection can drastically 
alter the metabolite profile both within infected cells as well as in resulting lysis products 
(Ankrah et al., 2014). This modulation of carbon flow has notable effects on estimates of 
nutrient fluxes through the marine environment.  Not only can viruses shape microbial 
diversity and function as a whole, but also there is evidence that viruses also play a vital 
role in driving host evolution on a genetic level (Lenski, 1984, 1988). 
Viruses drive host evolution 
Phage in marine systems outnumber their microbial counterparts by several fold, 
thereby putting host cells at risk for viral infection and death (Wigington et al., 2016). For 
the co-existence of these entities to be possible, there must be subsets of both virus-
resistant host cells, as well as phage that have evolved to overcome this resistance 
(Waterbury and Valois, 1993). These genetic changes incur a fitness cost otherwise 
microbial hosts would gain resistance to all phage, resulting in eventual exclusion from 
the system (Lenski, 1984, 1988). This dynamic has not been well characterized in 
bacteria relevant to the marine system. This antagonistic co-evolution drives phenotypic 
drift of both single species cultures as well as constructed communities, resulting in virus 
with increased host ranges and microbes who are resistant to contemporaneous phage 
(Marston et al., 2012; Middelboe et al., 2001).  
The genetic underpinnings behind these shifts are less well characterized. Studies 
to identify genes necessary for active viral infection in marine bacteria are limited, but 





(Avrani et al., 2011; Marston et al., 2012; Stoddard et al., 2007). A majority of the genes 
identified thus far have been associated with the cell surface, including membrane 
proteins and enzymes involved in the biosynthesis of cell wall components (Avrani et al., 
2011; Marston et al., 2012; Stoddard et al., 2007). Not only can viral pressure lead to 
adaptive (virus-resistant) mutations within genes, it can also serve as selective pressure to 
maintain horizontally transferred genes, which would lead to larger genomic alterations 
and greater physiological diversity in marine systems (Avrani et al., 2011; Rodriguez-
Valera et al., 2009). These highly variable regions of genomes often confer phage 
resistance are widespread in bacteria and archaea, and include diverse genes, including 
restriction-modification systems, toxin-antitoxin systems, and abortive infection systems 
(Makarova et al., 2011). Knowledge of these genes are limited in marine bacteria, but 
given the high levels of horizontal gene transfer documented in these ecosystems, virus 
resistance through gene acquisition may be common (Hsiao et al., 2005; Kettler et al., 
2007; McDaniel et al., 2010; Palenik et al., 2003). Cell membrane, cell wall synthesis 
genes and restriction-modification systems are documented to be contained within 
horizontally transferred genomic islands in cyanobacteria (Avrani et al., 2012; Avrani et 
al., 2011; Dufresne et al., 2003). To elucidate the subset of genes necessary for lytic viral 
infection within a globally relevant cyanobacterium, we aimed to develop an assay to 
isolate virus resistant transposon mutants, as described in Chapter 3. Identification of 
these genes may allow for greater understanding of the dynamics of host resistance in 
natural systems. Although the role viruses play in genetic and community diversity is 






Bacterial interactions in the marine system 
Research into how marine bacterial communities are structured has largely been 
focused on the role of environmental selection (Brum et al., 2015; Matteson et al., 2012). 
Further, the attention to abiotic factors as primary influencers of microbial communities 
has historically focused on understanding distribution patterns of a single species 
ignoring the diverse biotic interactions that take place in these complex communities. 
This oversight has lead to predictive models that do not take into account the influence of 
the diverse suite of interactions that characterize natural communities (Cordero and Datta, 
2016), and these models therefore may also lead to inaccurate predictions within the 
marine system in the face of global change (Faust and Raes, 2012; Montoya and 
Raffaelli, 2010). It is becoming clear that a suite of biotic interactions play a vital role in 
shaping how bacterial communities are structured in marine systems, both temporally and 
geographically (Cordero and Datta, 2016; Datta et al., 2016; Lima-Mendez et al., 2015; 
McCarren et al., 2010). The diversity and complexity of interactions within marine 
microbial communities has only begun to be understood. 
A well-studied system of interactions involves the model organism 
Prochlorococcus, the numerically dominant cyanobacteria in oligotrophic regions of the 
open ocean (Flombaum et al., 2013; Johnson et al., 2006). The genome of 
Prochlorococcus is reduced compared to the closely related cyanobacteria 
Synechococcus (Dufresne et al., 2005; Kettler et al., 2007; Morris et al., 2012; Sun and 
Blanchard, 2014). With this reduction in genome size, Prochlorococcus has lost many 
genes thought to be necessary for survival in the marine environment, which may lead to 





system has been characterized in the lab in which Prochlorococcus grown in co-culture 
with marine heterotrophic bacteria benefits from scavenging of radical oxygen species 
(Morris et al., 2011). Given that genes to detoxify radical oxygen species are absent in 
many marine genomes, this may be a case of a nonspecific interaction, or one in which 
the physiology of one organism benefits many taxa. These non-specific interactions play 
a vital role in constraining growth of marine bacteria (Ma et al., 2018; Zinser, 2018). 
Further co-culture studies have shown that the response of Prochlorococcus to co-culture 
is both dependent on the heterotrophic counterpart as well as Prochlorococcus strain, 
indicating that interactions in the marine environment can also be specific and may be 
mediated through intercellular molecular signaling (Aharonovich and Sher, 2016; Sher et 
al., 2011).  Interactions between cyanobacterial genera and their co-occurring 
heterotrophs have been documented to induce stable transcriptional and physiological 
changes (Biller et al., 2016; Tai et al., 2009). This indicates that both general and specific 
interactions likely play a role in constraining bacterial abundances in marine systems.  
Even less well studied are antagonistic relationships in the marine system. Studies 
of heterotrophic isolates from marine systems indicate that species from abundant marine 
phyla, including Proteobacteria and Bacteroidetes, are capable of producing compounds 
that inhibit growth of co-occurring bacteria (Long and Azam, 2001). Interestingly, many 
antagonistic relationships were not generalized to all species studied, but instead may be 
targeted to subsets of the microbial community. Examples of targeted antagonism has 
been shown by Russel et al. (2017) to be related to metabolic similarity between 






With the advent of next generation sequencing, we are beginning to be able to 
identify bacterial interactions within marine systems. Using 16S rRNA gene libraries or 
shotgun metagenomes, we can begin to infer interactions in marine systems through 
correlational network analysis. Although limited to mutualistic (positive) and competitive 
or parasitic (negative) interactions, this information can be used to gain greater insight 
into the role biotic interactions play in shaping microbial community structure. Although 
historically applied to macrospecies interactions, network analyses have recently begun 
to be employed in microbial ecology (Beman et al., 2011; Paine, 1980; Steele et al., 
2011).  
Application of network theory to inferred co-occurrence networks has allowed for 
hypothesis-generating observational studies concerning both community stability and 
identification of important microbial taxa. Identification of microbial species involved in 
important linkages to overall network structure can be determined through application of 
the graph theory concept of centralities. These metrics characterize diverse microbial 
ecosystems, and generate hypotheses concerning organisms whose loss may lead to a 
disproportionate change in microbial community structure (Browne et al., 2016; He et al., 
2017; Lupatini et al., 2014; Ma et al., 2016; Wang et al., 2016). These species can 
function as indicator species, allowing for abundance of single taxa to serve as an insight 
into ecosystem health (Jordan et al., 2015). Further, it has been shown that theoretical 
concepts developed to understand resilience of macroorganism interaction networks are 
generally applicable to microbial networks (Peura et al., 2015; Wang et al., 2016). This 
has allowed for insight into understanding how varying ecosystems respond to 





network topology trends to characterize regional variability in microbial co-occurrence 
networks.  
 
The North Pacific Ocean 
Although the importance of biological interactions appears to be a universal trait 
in marine systems, given the complexity of both virus microbial communities 
geographically, the research within these studies will focus on a basin scale study of one 
oceanic region, the North Pacific. 
Of the world’s oceans, the largest is the Pacific Ocean, which covers 30% of the 
Earth’s surface. This ocean is comprised of the Southern Pacific basin and the Northern 
Pacific basin, the largest oceanic region on Earth (Karl and Church, 2014). The 
geography of this basin is complex and is comprised of many regions; the largest, 
covering 2x107 km2, is the North Pacific Subtropical Gyre, which makes it one of the 
largest contiguous ecosystems on the planet (Karl et al., 1997; Karl and Church, 2017). 
This region displays low seasonality and is characterized by warm, highly stratified 
surface waters, which are generally depleted in inorganic nutrients (Bingham and Lukas, 
1996; Karl and Church, 2014; McDaniel et al., 2010).  Much of what we know of the 
North Pacific Basin, and the marine ecosystem as a whole, has been learned through 
research conducted at the Hawaiian Ocean Time Series (HOTS) (Karl, 1999). This 
research station was originally established to characterize microbial communities within 
what had been viewed as a climax-type community, or a community that is largely stable 





temporally variable than expected (Karl and Church, 2014). Despite the wealth of 
information derived from the HOTS, time series much of the North Pacific Ocean is 
unexplored, particularly in relation to the role biotic interactions play on a basin scale. 
 
Objectives 
Understanding how subsets of the microbial community interact in the North 
Pacific Oceanic Basin is vital for a holistic understanding of marine microbial 
communities within this basin. To further elucidate interactions shaping this ecosystem I 
aimed to investigate microbial interactions in three broad areas:  
 
Chapter 1: Contrasting seasonal drivers of virus abundance and production in the North 
Pacific Ocean: 
Objective: Determine abiotic and biotic factors that constrain virus dynamics in the 
North Pacific Ocean seasonally. 
H1: Virus abundances are correlated to abiotic factors in the North Pacific Ocean. 
H2: Virus production rates are correlated to biotic factors in the North Pacific Ocean. 
H3: Microbial diversity in the North Pacific basin constrains variance in virus dynamics 
(i.e. abundance and production rates) between sampling locations. 
 






Objectives: Use microbial community network analysis predict community stability in 
the context of domain shifts within the North Pacific Basin.  
H1: Temperature is a driver of microbial community dissimilarity between Gyre and 
Transition Zone communities.  
H2: Bacterial interactions will differ between the Gyre and Transition region. 
H3: OTUs  with high centralities are different between the gyre and transition regions. 
 
Chapter 3: Development of an assay to identify genes necessary for lytic cyanomyoviral 
infection of Synechococcus WH7803 
Objective: Develop an assay to isolate virus resistant mutants to identify genes that may 
be under viral selective pressure in the marine environment. 
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 The North Pacific Ocean (between approximately 0°N and 50°N) contains the 
largest continuous ecosystem on Earth. This region plays a vital role in the cycling of 
globally important nutrients as well as carbon. Although the microbial communities in 
this region have been assessed, the dynamics of viruses (abundances and production 
rates) remain understudied.  To address this gap, scientific cruises during the winter and 
summer seasons (2013) covered the North Pacific basin to determine factors that may 
drive virus abundances and production rates.  Along with information on virus particle 
abundance and production, we collected a spectrum of oceanographic metrics as well as 
information on microbial diversity.  The data suggest that both biotic and abiotic factors 
affect the distribution of virus particles. Factors influencing virus dynamics did not vary 
greatly between seasons, although the abundance of viruses was almost an order of 
magnitude greater in the summer. When considered in the context of microbial 
community structure, our observations suggest that members of the bacterial phyla 
Proteobacteria, Planctomycetes, and Bacteroidetes were correlated to both virus 
abundances and virus production rates: these phyla have been shown to be enriched in 
particle associated communities. The findings suggest that environmental factors 
influence virus community functions (e.g., virion particle degradation) and that particle-







Since the “rediscovery” of the high densities of virus particles in the marine 
environment (Bergh et al., 1989), viruses are increasingly recognized as key drivers of 
ecosystem biology and chemistry.  In particular, viruses are thought to help maintain 
microbial diversity (Thingstad, 2000; Thingstad and Lignell, 1997) by constraining 
abundant cell types in a microbial community and allowing for the division of niches 
within the marine system (Weitz et al., 2015). This suggestion has been supported by 
both strain level laboratory studies (Lenski, 1988) and in silico modeling of trophic 
exclusion in the absence of viruses (Weitz et al., 2015).  Lysis of infected cells releases 
organic carbon and nutrient elements to the residual microbial community, diverting 
carbon away from higher trophic levels via a process known as the “viral shunt” (Weitz 
and Wilhelm, 2012; Wilhelm and Suttle, 1999). Given the high estimates for virus-
mediated cell lysis in the marine environments, this process is likely important in global 
scale geochemical cycles (Brussaard et al., 2008).  Nevertheless, despite the importance 
of viruses in marine environments, quantitative data on viral dynamics remain rare for 
broad swaths of the ocean.  
Prior estimates suggest viral activity results in the lysis of an estimated ~ 20% of 
marine heterotrophs daily (Brussaard et al., 2008). Virus production assays have been 
used to estimate rates at which viruses contribute to host mortality and subsequent 
nutrient release in many aquatic systems (Gobler et al., 1997; Middelboe and Lyck, 2002; 
Suttle, 1994; Wilhelm et al., 2002; Wilhelm and Suttle, 1999). Early studies of the 
environmental constraints on virus dynamics were restricted to coastal regions (Wilhelm 





underrepresented. More recently, studies have explored underrepresented environments, 
including the deep ocean (Hara et al., 1996; Li et al., 2014), marine sediments (Danovaro 
and Serresi, 2000; Middelboe et al., 2006), and pelagic ocean regions (Matteson et al., 
2012; Rowe et al., 2012; Rowe et al., 2008). Despite this increase in spatial coverage, a 
complete temporal understanding of virus dynamics is still lacking. Studies examining 
the seasonality of aquatic virus communities have been primarily focused on coastal 
regions (Waterbury and Valois, 1993; Weinbauer et al., 1995).  
Observations indicate that drivers of, and constraints on, virus activity vary 
geographically; therefore major oceanic basins and perhaps even regions within these 
basins need to be considered independently. For example, in the Sargasso Sea, 
chlorophyll concentrations and temperature were shown to correlate with both virus 
abundance and virus production rates; however, this was not seen in the temperate region 
of the North Atlantic Ocean, the South Pacific Ocean, or the Western Pacific Ocean 
(Matteson et al., 2012; Rowe et al., 2012; Matteson et al., 2013). In the North Atlantic, 
virus abundance correlated to cell abundance, a trend not observed in other basin scale 
studies (Rowe et al., 2008).  In both the North Atlantic and Western Pacific, no 
previously measured environmental parameters correlated with virus production rates 
(Rowe et al., 2012; Rowe et al., 2008).   
  In the current study, we aimed to address the role host diversity plays, relative to 
environmental conditions, in shaping virus abundance and production rates. We 
completed this study in an understudied oligotrophic region, the eastern portion of the 
North Pacific oceanic basin. This region includes the North Pacific subtropical Gyre 





are limited, and primarily focused on sequence-based analysis of virus communities 
(Brum et al., 2015; Hurwitz and Sullivan, 2013). Our goal was to exploit natural 
gradients in temperature, pH, and nutrient chemistry in this region to provide insight into 
factors that may vary seasonally and could play a role in shaping virus dynamics in this 
region; as many abiotic factors that directly affect viruses likely also influence microbial 
diversity as well. Understanding the interaction of these factors is vital to the 
understanding of viral populations and dynamics in this region. 
 
Materials and Methods 
Sample collection and physical parameters 
Samples were collected during two cruises aboard the R/V Kilo Moana. Cruise 
KM1301 occurred between January 10, 2013 and February 7, 2013 (hereafter referred to 
as the “winter cruise”).  The cruise transect left from Honolulu, HI traversed the NPSG 
and returned to Honolulu (Figure 1.1B). KM1312 (hereafter referred to as the “summer 
cruise”) was conducted between July 1, 2013 and July 28, 2013. This cruise left from 
Honolulu, HI crossing the NPSG and followed a 19° C isotherm to San Diego, CA 
(Figure 1.1C).  
As diel periodicity in cellular physiologies of marine communities has been well 
documented (i.e. rRNA concentrations (Kramer and Singleton, 1993), chlorophyll 
concentration (Owens et al., 1980) and photosynthetic capacity (Harding et al., 1981); 
samples were collected prior to sunrise [04:00 for winter, 02:00 for summer (local time 





was collected from the surface (~ 2 m) using a CTD-Niskin rosette. Subsequently, water 
was transferred into opaque, acid-washed polypropylene carboys (Nalgene) rinsed with 
water from the same site. Temperature, salinity, in-situ chlorophyll a fluorescence, 
oxygen and PAR within the water column were measured using a CTD Sea-bird 911 
equipped with ancillary sensors.  Transect maps were created in SeaDas-SeaWiFs Data 
Analysis System 7.1 [31] using average sea surface temperatures for the duration of the 
cruise accessed through NASA Sea-viewing Wide Field-of-view Sensor (SeaWiFS) 
Ocean Color Data (Files A201300012013031.L3m_MO_SST_9 and 
A20131822013212.L3m_MOSST_9 [accessed on 2015/04/4]. All metadata collected has 
been uploaded and may be accessed through http://www.bco-dmo.org/project/2237. 
Bacterial abundances, productions, and biomass estimations 
A FACSCalibur flow cytometer (Becton Dickinson- Franklin Lakes, NJ, United 
States) was used to determine bacterioplankton densities as previously described 
(Johnson et al., 2010). Briefly, a 488 nm laser was used to measure: inelastic side / 
forward scatter, green fluorescence, orange fluorescence, and red fluorescence emissions. 
These measurements were used to differentiate subsets of the bacterioplankton 
communities. Phytoplankton communities were defined using the red autofluorescence 
profile (chlorophyll excitation) characteristic of the dominant populations, including 
Prochlorococcus, Synechococcus, and picoeukaryotes as detailed in Johnson et al. 
(2006). The total bacterial abundances were determined utilizing a SYBR Green I 
(Molecular Probes Inc. Eugene, Oregon. United States) staining technique as detailed in 







Figure 1.1 Cruise transects for sample collections 
(A) Color inset indicates location of panels B and C, (B) POWOW 2 (KM1301) cruise 
transect, (C) POWOW 3 (KM1312) cruise transect. Represented sea surface temperatures 
based on average values for duration of the cruises as determined by SEA-WIFS (see 
















Bacterial production protocols were adapted from Kirchman  (2001). Briefly, 20 
nM of tritiated leucine was added to triplicate tubes containing 1.7 mL of raw surface 
seawater. Samples were incubated in the dark at in-situ temperatures for 3 h. Killed 
controls were prepared prior to incubation via addition of trichloroacetic acid (TCA) to a 
final concentration of 1%. Leucine incorporation was stopped via addition of TCA.  Cells 
were then pelleted, rinsed, and dried for 12 h. Samples were resuspended in Ecoscint A 
(National Diagnostics Atlanta, Georgia. United States) and measured on Packard 
Bioscience Tri-Carb 2900TR liquid scintillation counter onboard the ship. Measured 
activity was converted to µg C L-1D-1 as follows: disintegrations per minute (dpm) of the 
live samples were corrected with data from killed controls to account for abiotic 
association of leucine to particles. This value was converted to μCi using the value 
2.22x106 dpms per µCi. Following this conversion sample size, incubation time and 
specific activity of the leucine were accounted. Incorporation of tritiated leucine was 
converted to moles of carbon through multiplication by a factor of 1.5 (Kirchman, 2001). 
Chlorophyll concentrations were determined by vacuum filtering 100 mL of 
seawater on 0.22-µm or 0.8-µm polycarbonate filters (Millipore). Chlorophyll was 
extracted in 100% methanol at -20° C for 24 h [35]. Following extraction, fluorescence of 
samples was measured with a calibrated Turner Designs 10-AU fluorometer as 
previously described (Welschmeyer, 1994). 
Nutrient analysis 
All samples for nutrient measurement were collected in HCl-cleaned, high-density 
polyethylene bottles (VWR#414004-110) and stored at -80° C until analysis. Subsequent 





Astoria-Pacific A2 autoanalyzer using Certified Reference Materials, (Inorganic 
Ventures) as follows: Nitrite: QCP-NT; PO4 and NO3: QCP-NUT-1; SiOH4: CGSI1-1. 
The limit of detection for nutrients is as follows. Phosphorus for both cruises was 0.05 
μM. A limit of detection of 0.2 μM SiOH4 for samples from KM1301 while 0.1 µM from 
KM1312. The detection limits for nitrogen species are as follows: the detection limit for 
nitrite was 0.05 µM for both cruises; and nitrate was 0.1 µM for samples collected on the 
winter cruise and 0.05 µM for samples from the summer KM1312 cruise. 
Samples for ammonium measurements were collected from Niskin bottles as 
described. Ammonium concentrations were determined using the fluorometric method 
described in Holmes et al. (1999) and verified using CRMs (Inorganic Ventures: QCP-
NUT-1). The limit of detection was 5 nM.  
Virus abundance and production 
Virus samples for enumeration were collected from Niskin bottles and fixed with 
0.5% (v/v, final concentration) glutaraldehyde and flash frozen in liquid nitrogen for 
shipping. Upon delivery to the lab, all samples were stored at -80° C until processed. 
Enumeration of virus particles was performed using a protocol adapted from Ortmann 
and Suttle (2009). Briefly, 1 mL of sample was vacuum filtered on a 0.02-μm filter 
Anodisc filter (Whatman). Filters were stained with SYBR green for 20 min, after which 
excess stain was rinsed from the filter. Viruses were enumerated on a Leica 
Epifluorescent microscope (Model DM5500 B) using the L5 filter cube at 1000x 
magnification. Twenty grids or 200 viruses per sample were counted (Ortmann and 






Virus production assays were conducted using the dilution and reoccurrence 
technique previously described by Wilhelm et al. (2002) and available at 
https://dx.doi.org/10.17504/protocols.io.dsp6d (Approach 1).  Virus-depleted surface 
water was generated daily using a tangential flow filtration device (Millipore Labscale™ 
TFF) equipped with a 30kDa filter (Millipore Pellicon XL Filter).  Unattached virus 
particles were reduced in the sample by rinsing the bacterial community three times with 
virus-free water over a 47 mm diameter 0.2-μm polycarbonate filter (Millipore). 
Following unattached virus reduction, the bacterial community was resuspended in 500 
mL of virus depleted seawater and divided into 3 polycarbonate bottles which were 
incubated at in situ temperature and light levels (screened with neutral density filters to 
reduce light to ~ 37% ambient) for 12 h. Samples were collected and preserved using 
0.5% glutaraldehyde, flash frozen in liquid nitrogen, and stored at -80° C until 
enumeration. For enumeration of virus like particles (VLPs) samples were vacuum 
filtered onto 0.02-μm pore-size, 20-mm diameter Anodisc filters (Whatman Little 
Chalfont, Kent, United Kingdom). Filters were stained with SYBR Green I for 30 min in 
the dark. Slides were preserved with PBS and o-phenylenediamine. 
Following staining and preservation, 20 images per slide were acquired using the 
Leica MM AF Acquisition software within the Leica Application Suite X. Virus-like 
particles were counted using the Leica MM Analysis Software with thresholds limiting 
analysis of samples with fewer than 100 virus like particles per grid or greater than 600 
virus-like particles per grid. Samples were enumerated automatically using the thresholds 





circle. This was compared to manual counts and shown to be statistically similar (data not 
shown).  
Statistical analysis of viral distribution and production was completed in 
Sigmaplot using Systat functions (ver 12.5). The Shapiro-Wilk test was used to determine 
the normality of data. If data was non-normally distributed, a Mann-Whitney Rank Sum 
test was used to determine statistically significant differences between seasons. If data 
were normally distributed a two tailed t-test was used to determine statistical difference. 
As a majority of data was non-normally distributed, Spearman correlations were used to 
determine correlations of factors. Correlations were considered significant if the p-values 
were less than 0.05.  
Microbial community analyses 
Water was collected from the CTD as described above. Cells from 350 mL of 
seawater were collected onto 47-mm diameter, 0.2-μm nominal pore-size polycarbonate 
filters (Millipore Billerica, Massachusetts United States) by vacuum filtration. Following 
collection, samples were placed in 1 mL cryovials and stored in liquid nitrogen for 
transport back to the lab. After being returned to the laboratory, samples were stored at -
80°C until extraction.  DNA was extracted using the PowerWater® DNA Isolation Kit 
(Mo Bio) according to manufacturer’s protocol. The V4 region (E. coli bases 515-806) of 
bacterial 16S rRNA genes was amplified and sequenced.  Hudson Alpha Genomic 
Services Laboratory (Huntsville, AL, USA) performed 250-bp paired end sequencing on 
the Illumina Miseq platform using V2 chemistry. Only reads that reached a Q-score of 30 





For OTU classification, reads were clustered at 97% similarity and taxonomy was 
assigned in MOTHUR using the Silva ribosomal database (Quast et al., 2013; Schloss et 
al., 2009). OTUs identified as being mitochondrial were removed from analysis.  
Eukaryotic chloroplast DNA was left in libraries as this has been shown to be an effective 
proxy for eukaryotic phototroph diversity (Needham and Fuhrman, 2016).  OTU 
abundance tables were further analyzed using PRIMER7 (Clarke et al., 2014). Libraries 
were normalized based on library size and OTUs were fourth root transformed to achieve 
normal distribution of counts. A Bray-Curtis resemblance matrix was created, and 
utilized for multivariate analysis including BEST analysis. To determine the role viruses 
may play in shaping microbial community structure, a BEST analysis was conducted 
with all environmental parameters. To determine microbial taxa that may play a role in 
shaping virus dynamics, a Bray-Curtis resemblance matrix was created including virus 
abundance and virus production rate. An OTU table was limited to microbial taxa that 
comprised more than 0.5% of the total bacterial community. Subsequently, a BEST 
analysis was done to determine which OTUs distribution patterns most closely resembled 
that of changing virus abundances and production rates. This analysis was done with 500 
iterations of stepwise addition of OTUs to determine which were most strongly linked to 
changing virus abundances and production rates. P-values were determined through 999 
permutations.  
Analysis of sub-ecotypic diversity of Prochlorococcus was done as described in 
Larkin et al. (Larkin et al., 2016). Briefly, microbial cells were collected from surface 
water across both transects. DNA was extracted and the internally transcribed spacer 





23S-R. Amplicon libararies were sequenced by the 454+ GS FLX+Titanium platform 
(Roche, Basel, Switzerland). Identification of environmental paramerters that correlated 
to changes in Prochlorococcus community structure was conducted in R (R software, 
v.3.1.2, Vienna, Austria). 
 
Results 
Although the two cruise transects varied geographically within the NPSG, similar 
physical parameters were observed in surface waters of both winter and summer seasons. 
Temperatures on the winter cruise ranged from 10 - 23° C, and in the summer ranged 
from 11.1- 25.5° C; covering largely the same range (Shapiro-Wilk P = 0.582, t-test P = 
0.06) (Figure 1.1). This similar temperature range was achieved through sampling 
temperatures at varying latitudes between seasons.  Furthermore, when comparing 
summer and winter, nutrient concentrations, including silica (Mann-Whitney P=0.177), 
NO2 (Mann-Whitney P = 0.596), NO3 (Mann-Whitney P = 0.991), NH4 (Mann-Whitney 
P = 0.932), and PO4  (Mann-Whitney P = 0.199) were statistically similar. 
Total bacterial densities were statistically similar for both cruises, with 
abundances ranging from 6 x105 to 8.4 x105 cells mL-1 in winter and 4.6 x105 to 1.0 x106 
in summer  (Mann-Whitney P = 0.343). However, the average abundance of 
Prochlorococcus varied between seasons (Mann-Whitney P = 0.022), with populations 
ranging from 775 to 2 x 105 cells mL-1 in winter and 418 to 2.25 x 105 cells mL-1 in the 
summer, in each case with cell density decreasing with increasing latitude. Picoeukaryote 





with higher abundances measured in the winter. In contrast, Synechococcus abundances 
were not different between cruises (Mann-Whitney P=0.918) (Figure 1.2A and 1.2B).  
Average virus abundance was statistically lower in the winter (Mann-Whitney 
P<0.001), where virus-like particles (VLPs) per milliliter ranged from 7.33 x105 to 3.26 x 
106 while in the summer abundances were 7.64 x 106 to 4.98 x 107 (Figure 1.3). Although 
the range of production rates were narrower in the summer (1.31 x 105-3.51 x 107 
VLPs/mL/h) than in the winter (6.56 x 105 to 1.29 x 108 VLPs/L/d), this difference was 
not statistically significant (Mann-Whitney, P = 0.095) (Figure 1.2C and 1.2D). 
Spearman rank correlation analysis was employed to determine factors that related to 
virus abundance and production rates. Due to strong covariance of abiotic factors and 
their inextricable links, latitude was used as a generalized descriptor for not only 
geographical changes, but also these covarying physical parameters. These include 
covarying factors: temperature (winter: Rs = - 0.979, P = < 0.001; summer: Rs = -0.804, P 
= < 0.001), pH (winter: Rs = - 0.925, P= < 0.001; summer: Rs = -0.804, P = < 0.001), 
salinity (winter: Rs = -0.967, P = < 0.001; summer: Rs = -0.778, P = < 0.001), and light 
(winter: Rs = 0.727, P = < 0.001; summer: Rs = 0.794, P = < 0.001).  None of the factors 
we measured correlated to virus production rates in the NPSG, with the exception of 
chlorophyll a concentrations in the 0.8-μm fraction of during the summer cruise. Many 
correlations were seen in relation to viral abundances, a majority of which occurred in 
both seasons (Figure 1.4). The virus-like particle distribution in surface waters was 
strongly correlated to geographical and physical parameters in both seasons, as exhibited 
by latitude (Figure 1.4 and Table S1.1) (Table S1.1 located in The Chapter 1 Appendix). 







Figure 1.2 Biological parameters in relationship with latitude 
 Cell abundances for Prochlorococcus (closed circles), Synechococcus (open circles), 
Picoeukaryotes (closed triangles), and total bacterioplankton (including 
cyanobacteria)(open triangles) across the latitudes investigated in winter (A) and summer 
(B). Changes in virus abundances (closed circles) and virus production rates (open 










Figure 1.3 Relationship between temperature and virus abundance 
Relationship between virus abundances and temperature for winter (closed circles) and 
summer (open squares).  Inset indicates average virus densities during the winter and 










both seasons, with virus particle abundances increasing with higher concentrations of 
most nutrients (the exception being ammonium, which was not correlated to viral 
abundances in winter). 
Several biological parameters correlated with virus abundance independent of 
cruise season. The density of Prochlorococcus cells, as determined by flow cytometry, 
was negatively correlated to the density of viruses across transects (Figure 1.4A). Other 
cyanobacterial populations (i.e., Synechococcus) were correlated to virus abundance only 
in winter (winter R=0.549 P = 0.015; summer R=0.035 P =0.873), a trend also seen when 
observing total bacterial cell counts (winter R=0.676 P=0.004; summer R=-0.082, P 
=0.773). The reverse was seen in an examination of picoeukaryotic density, which was 
positively associated with viral abundances only in the summer (Figure 1.4B). 
Chlorophyll concentrations were the only factor that correlated with virus production 
rates, and this correlation only occurred in the summer. In winter, only virus abundances 
correlated to chlorophyll concentrations, possibly indicating a link between microbial 
primary production and viruses. To determine whether microbial community diversity 
influenced virus particle distribution, we explored 16S rRNA gene amplicon libraries 
collected from surface waters at each station. Alpha diversity metrics (i.e., OTU richness, 
Shannon’s Diversity Index, etc.) of sample sites were correlated with viral abundance or 
production rates, regardless of season. Beta diversity however was linked to viral 
abundances. Briefly, the SIMPROF analysis within Primer7 determined communities that 
were statistically indistinguishable from one another. Unsurprisingly, numerous microbial 
communities clustered into SIMPROF groupings of two or more stations. SIMPROF 





Figure 1.4 Correlations between virus abundance and productions and 
environmental parameters 
Spearman correlation coefficient shown on the x-axis and p-values indicated on the y-
axis. Parameters were separated according to classifications including: physical (A), 
biological (B) and nutrient (c) data. Circles indicate spearman correlations of virus 
abundances while virus production correlations are indicated by triangles. Closed 
symbols = summer samples and open symbols= winter samples. Horizontal dash line (i) 















determine what environmental factors co-vary with microbial community composition. 
This analysis indicated changes in microbial community structure were most strongly 
linked to viral abundances and temperature, (Rs=0.157, P= 0.001). 
As viruses are likely dependent on the composition of the microbial host 
communities, we asked if certain microbial taxa (OTUs) were linked to changes in virus 
production or virus abundances in the North Pacific, and if these taxa changed seasonally. 
Virus abundance and production rates are inextricably linked; therefore, we utilized a 
similarity matrix to determine how “related” sampling locations were based on these two 
metrics. A BEST analysis was done to determine which microbial taxa were most 
strongly correlated (spearman) to this similarity matrix. Taxa were limited to those which 
comprised at least 0.5% of any library. BEST analysis was run stepwise with 500 
iterations, and p-values determined through 999 permutations. As viral dynamics have 
been shown to differ between seasons, this analysis was done for each season separately. 
Surprisingly, taxa which most strongly correlate to changes in viral dynamics in both 
seasons are not necessarily the most abundant taxa across the transects, or at a given 
location. BEST analysis was also used to determine which grouping of OTUs describes 
the largest variance in virus dynamics. In summer 72% of the variation was described by 
14 OTUs (P=0.001), while in winter 59.2% of the variation was described by 18 OTUs 
(P=0.02). (Figure 1.5). The OTUs which best described virus abundance and production 
rates changed between seasons with only a single chloroplast signature which was most 
closely related to Braarudosphaera bigelowii shown to be important in both seasons 






Figure 1.5 OTU abundance and contribution to variation in viral abundance and 
production 
Plots comparing rank order abundance for individual OTUs and contribution to 
the proportion of variation in virus abundance and production rates that each OTU 
contributes.  Pairwise data are presented, rank order; contribution to virus dynamics, 
winter (A; B) and summer (C; D), respectively.  Phyla indicated as follows: Chloroplast 
(i), Proteobacteria (ii), Cyanobacteria (iii), Planctomycetes (iv), Firmicutes (v), 
Unclassified bacteria (vi), Bacteroidetes (vii). Statistical significance indicated as 









Overwhelmingly, the phyla linked to changes in virus concentration and 
production rates were heterotrophic in nature; 76% and 79% in the winter and summer, 
respectively.  In both seasons, OTUs within the phylum Proteobacteria were correlated to 
virus abundance and production; however, the classes of these differed between seasons. 
In summer, a majority of OTUs that correlated with virus dynamics belonged to the 
Alphaproteobacteria phylum. Further, the strongest correlative OTU was an 
Alphaproteobacterial taxon belonging to the OM75 clade of the family Rhodospirillaceae 
(Rs=0.389, P=0.007). This clade is ubiquitous in the world’s oceans. However, there are 
no cultured representatives of this clade so information on its metabolism is limited.  
Inferences from distributional patterns indicate it is likely an oligotrophic bacterium with 
a slow growth cycle (Nelson et al., 2014; Rappe et al., 1997). Two other 
Alphaproteobacteria were also associated with changing virus dynamics in the North 
Pacific in the summer, an unclassified Rhodospirillales and an uncultured member of the 
E6AD10 clade. The remainder of the Proteobacteria linked to virus dynamics include an 
unclassified Gammaproteobacterium as well as a Deltaproteobacterium within the family 
Oligoflexaceae (Table 1.3) (See Chapter 1 Appendix). In winter, key Proteobacterial taxa 
included three Gammaproteobacteria. Two of these belonged to the order 
Oceanspirillales: one Pseudospirillum (Rs= 0.1, P=0.098), and one taxon assigned to 
Kangiella (NA); and an Alteramonadales belonging to the genus Colwellia (Rs=0.145, 
P=0.217). Other Proteobacterial representatives include an unclassified 
Rhodobacteraceae (Rs=0.1, P=0.098), and an unclassified Betaproteobacterium 





The second most represented heterotrophic phylum differed between seasons. In 
the summer Planctomycetes was determined to be important in differentiating virus 
abundance and rates of production (3 OTUs identified). Bacteroidetes, with 2 OTUs 
identified, was the second most identified phylum in winter. In the summer the 
abundances of 3 genera belonging to the order Planctomycetaceae contributed to the suite 
of taxa which  correlated to changes in virus dynamics: one Rubripirellula (Rs=0.037, 
P=0.322), one Pirellula (Rs=0.255, P=0.077), and one belonging to the FS140-16B-02 
marine group (Rs=-0.041, P=-0.563). In winter only, a single Planctomycete belonging to 
the genus Bythopirellula (Rs=0.175, P=0.061) correlated to virus dynamics. In winter, 2 
OTUs belonging to phylum Bacteroidetes were correlative; one belonging to the family 
Saprospiraceae (NA), and one belonging to the genus Ulvibacter (Rs=0.289, P=0.042).  
Although in both seasons a majority of correlated OTUs were heterotrophic, 
phototrophic organisms  were correlated to virus dynamics as well (Tables 1.2 –1.3) (See 
Chapter 1 Appendix). In winter an OTU assigned to Family 1 of cyanobacteria correlated 
with changes in virus dynamics between sites (Rs=0.315, p=0.032); while in summer a 
member of the nitrogen-fixing cyanobacterial genus Cyanothece was the only 
cyanobacterial OTU correlated to these changes (Rs=0.255, P=0.063). In our analysis 
Prochlorococcus, was not identified as a taxa driving changes in virus abundance and 
production across the transects. However, an analysis of the diversity of Prochlorococcus 
community structure at an ecotypic level, indicates that virus abundance and rates of 
virus production may be important in shaping the community structure of high light 
adapted strains of Prochlorococcus (R2 of 0.58 and 0.54, respectively). Although viral 





effect on shaping these communities than the environmental variables measured (Figure 
S1.1) (See Appendix). For more in-depth analysis of Prochlorococcus community and 
factors that shape subecotypic diversity of Prochlorococcus communities in the North 
Pacific, see Larkin et al. (2016).  
 
Discussion 
In this study we examined basin-wide drivers of virus dynamics (production and 
abundance) in the North Pacific Ocean. While similar work has been undertaken over the  
last decade in this region (Culley and Welschmeyer, 2002), we present this information in 
the new light of large scale pelagic seasonal surveys across a temperature gradient, which 
was further complemented with bacterial diversity information.  Moreover, we 
complemented this effort with measurements of microbial diversity across these stations 
to assess whether physiochemistry or host diversity was a greater driver of virus particle 
abundance and production rates.  
Global distribution of many viral types has long been theorized (O'Malley, 2007), 
and while this has been shown with respect to richness, metaviromic studies indicate 
virus population structure changes between oceanic provinces (Angly et al., 2006; Brum 
et al., 2015). Viruses are distributed passively through ocean currents; as such, local virus 
community structural changes are likely due to selection by abiotic parameters (Mojica 
and Brussaard, 2014), but also through presence of the microbial hosts. 
In our work, temperature was negatively correlated with virus abundance. This is 





1995). Virus abundances correlated positively with both dissolved nitrogen as well as 
dissolved phosphorus, likely because virus particles make up a large portion of these 
pools in marine systems (Jover et al., 2014). Increased access to nitrogen and phosphorus 
sources could result in increased primary production, and subsequently higher virus 
particle abundances in the North Pacific due to increased host abundance. Interestingly, 
negative correlations were seen between dissolved nitrate and reactive phosphorus with 
virus production rates in the South Pacific. This may be due to differences in microbial 
community dynamics, as the South Pacific samples were collected during a spring 
phytoplankton bloom/ bust cycle while the North Pacific Gyre represented a more stable 
(or non-bloom community) (Matteson et al., 2012).  
Given that viruses are obligate parasites, the dynamics of viruses must at least in 
part, be shaped by the genetic richness and / or diversity of available hosts within the 
microbial communities.  In our study, chlorophyll a was highly correlated with virus 
density, suggesting that photosynthetic members of North Pacific microbial communities 
are, at least in part, driving virus dynamics. Chlorophyll concentration has been 
previously shown to correlate strongly to virus abundance in the Beaufort Sea (Payet and 
Suttle, 2008), as well as the Sargasso Sea, in which virus production rate was also a 
correlate (Rowe et al., 2008). This may indicate a possible link between the amount of 
inorganic carbon being fixed and the abundances of virus at a given site, supported by 
chloroplast DNA correlating to virus abundances.  
The abundance of Prochlorococcus cells showed a weak, but statistically 
significant, negative relationship with viral abundances (Figure 1.4B); this may be due to 





increasing the occurrence of virus. A secondary explanation, however, suggests that 
Prochlorococcus cell abundances decreased at lower temperatures (Johnson et al., 2006; 
Larkin et al., 2016), in conjunction with a decrease in viral decay (and thus an increase in 
abundance) at these lower temperatures. Indeed, until a mechanism supporting it is 
resolved, this correlation must be considered spurious, at best.  When sub-ecotype 
variation in the Prochlorococcus community was examined, the high light (HL)-II.4 
clade was the only sub-ecotype for which a large proportion of variation in diversity was 
explained by virus abundance (Data not shown). This clade largely represents the 
Prochlorococcus community that dominates in oligotrophic waters in the summer (Larkin 
et al., 2016).  
The only parameter that viral production rates was correlated to, in this region, 
was the large phytoplankton fraction (as estimated by the > 0.8 μm fraction chlorophyll 
concentrations).  This correlation preliminarily indicates that large phytoplankton, such as 
large eukaryotic algae and picoeukaryotes, could be important drivers of virus production 
rates in the North Pacific, because of either an indirect relationship due to their 
contribution to organic carbon concentrations, their potential role as a platform for 
attached bacteria, or a direct relationship due to their infection and lysis. The importance 
of large eukaryotic phytoplankton and archaea in shaping viral dynamics in the North 
Pacific may have been underestimated; inclusion of these sequences has previously been 
shown to be effective in assessing diversity of these groups (LeCleir et al., 2014; 
Needham and Fuhrman, 2016). Despite this several eukaryotic phototrophs were shown 
to be important (Table 1.2 and 1.3) (See Chapter 1 Appendix). One being the only taxon 





has been recently been shown to have a nitrogen-fixing endosymbiont (Hagino et al., 
2013). This is particularly interesting, as the only cyanobacterial signature determined to 
correlate to virus dynamics in the North Pacific is a member of the genus Cyanothece, a 
diazotrophic marine cyanobacterium (Welsh et al., 2008). This may indicate that 
phototrophic organisms capable of nitrogen fixation could be driving changes in the 
abundances and rates at which viruses are produced. 
 Unlike other pelagic regions, bacterial production rates in our study were not 
correlated with viral abundance or viral production rates, further supporting the idea that 
photosynthetic members of the community may be important drivers in this region. 16S 
rRNA gene libraries were sampled in coordination with viral measurements that allowed 
for the linkage of virus abundance to bacterial community structure. A variety of new 
hypotheses for how certain members of the bacterial community could drive 
concentrations of virus in the environment exist: these range from effects of burst size 
differences to decreased competition due to viral lysis of other bacterial phylotypes 
(Thingstad and Lignell, 1997). Interestingly, viral production rates did not correlate to 
overall microbial community structure: this is likely due to the confounding effects of 
multiple environmental factors (including those influencing virus decay rates).  
There were, however, some bacterial members of the microbial community that 
did correlate to the viral parameters measured, with a majority being heterotrophic in 
nature (Winter = 76%, Summer = 79%). Most of these OTUs were classified as 
Proteobacteria, which may indicate that this phylum is an important player in the density 
and rates at which viruses are being produced in the North Pacific. Furthermore, the 





indicates that although Proteobacteria may be important regardless of season, the specific 
taxa that influence virus abundances and production rates change seasonally. 
Furthermore, members of the phyla Bacteroidetes and Planctomycetes were important in 
winter and summer, respectively.   Unfortunately, for many of the important OTUs, there 
are very few, if any, cultured representatives, so information on their potential 
metabolisms are limited. However, many of these taxa have been shown to be 
disproportionately associated with marine particles, including Alphaproteobacteria, 
Gammaproteobacteria, Planctomycetacia and Bacteroidetes (Crespo et al., 2013; 
Fontanez et al., 2015; Ganesh et al., 2014; LeCleir et al., 2014). 
Although this data must be interpreted carefully, this study indicates a potentially 
important role for Proteobacteria-infecting viruses in the regeneration of nutrients in the 
North Pacific.  It is important to note that microbial community structure is stable in 
oligotrophic gyres, therefore the most dominant taxa are similar across our transects. 
Therefore, it is possible that these taxa are infected at similar rates across the transects. 
Therefore, while these taxa may be important drivers of abundance and production they 
will not be identified by this analysis. Instead, we identified taxa whose changing 
abundances correlated with increased concentration or production of viruses. In our 
analysis these changes correlated with taxa that are enriched in particle-associated 
fractions of metagenomes (Crespo et al., 2013; Fontanez et al., 2015; Ganesh et al., 2014; 
LeCleir et al., 2014). This indicates that in the North Pacific Ocean particle association 
may lead to increased rates of viral lysis, as proposed by Bettarel et al (2016). 
Summer viral abundances were found to be comparable to previous studies in the 





seasonal sampling, sample collection methodology and VLP enumeration protocols 
(Culley and Welschmeyer, 2002). Our observations of lower viral abundances in winter 
relative to summer (Figure 1.3) have also been reported in coastal systems of Norway, the 
Gulf of Mexico, and the Western Pacific ocean, indicating that seasonality of viral 
abundances is an important consideration in understanding virus dynamics in the global 
oceans (Jiang and Paul, 1994; Tsai et al., 2013).  Although limited, open ocean studies of 
these dynamics strongly support seasonality in viral distributions as well (Jiang and Paul, 
1994; Parsons et al., 2012). Parsons et al. (2012) measured a strong seasonality in 
virioplankton abundances at the Bermuda Atlantic Time-series Study (BATS), with 
counts peaking in September and being most depleted in January.  Although our temporal 
coverage is limited, the data suggest this pattern may be also exhibited in the North 
Pacific. Furthermore, our data suggest that the North Pacific exhibits higher viral 
abundances in summer than reported in other pelagic regions, with the exception of the 
Western Pacific (Matteson et al., 2012; Rowe et al., 2012; Rowe et al., 2008). The ranges 
of viral abundances in winter were similar to those in the Sargasso Sea (1.4 to 18.9 x105 
VLPs mL-1 d-1) and North Atlantic (8.2 to 28.0 x 105 VLPs mL-1 d-1) (Rowe et al., 2008).  
Our observations support previous findings that the factors that constrain viral 
dynamics can differ between oceanic basins (Rowe et al., 2008).  Although similar 
environmental factors correlated to virus abundances in the North Pacific as reported in 
the Sargasso Sea, North Atlantic, and Western Pacific (Rowe et al., 2012), our data 
indicate that the suite of factors that affect these dynamics differs. When compared to 
these regions, the North Pacific shared many of the same correlations with the Sargasso 





exhibit oligotrophic conditions. Additionally, biotic factors such as chlorophyll 
concentrations and total bacterial cell abundances were correlated with other pelagic 
regions.  
The observation that factors related to viral abundance vary between regions is 
unsurprising given that virus particle distribution is likely not influenced by a singular 
parameter, but likely by environmental interactions. Furthermore, it has been noted that 
environmental parameters that affect decay rates of viruses (i.e., UV-B) may vary across 
different oceanic regions (Noble and Fuhrman, 1997). As such, it is important to note that 
virus abundance at a given location represents the balance of both production as well as 
decay/removal rates. Beyond this balance, disconnects in correlations between 
environmental parameters and abundances are likely due to the treatment of the virus 
community as one particle type. In actuality, total virus abundances are representative of 
subsets of viruses that infect different hosts that respond differently to environmental 
parameters (Brum et al., 2015).  Therefore, host diversity at least partially drives 
observations between environmental parameters and virus concentrations and production 
rates.  The results of this study also supports the importance of basin scale investigations 
of viral dynamics to gain a clearer understanding of factors that may be important in 
constraining the activity of viruses in ecosystems covering a majority of the Earth’s 
surface biome.   
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Figure 1.6 nMDS plot of high-light Prochlorococcus ecotype diversity as determined 
by the 16S ITS region 
 
Numbers in parentheses are R2 values which indicate the correlation strength between the 








Table 1.1 OTUs identified by BEST analysis (winter) 
OTUs Identified by BEST analysis as explaining the most variance in virus abundance and production rates over the winter transect. 
BEST analysis was conducted stepwise with 500 random restarts, p-values were determined using 999 permutations. OTUs that 
increased Spearman’s rho of >0.01 were included in the analysis. 
 




67 Cyanobacteria Chloroplast   Uncultured Picoeukaryote 0.391 0.001 
96 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Unclassified  0.1 0.098 
98 Cyanobacteria Cyanobacteria SubsectionI FamilyI Marine Group 0.315 0.032 
137 Planctomycetes Planctomycetacia Planctomycetales Planctomycetaceae Bythopirellula 0.175 0.061 
162 Cyanobacteria Chloroplast   Braarudospaera bigelowii 
Chloroplast 
0.313 0.02 
191 Proteobacteria Gammaproteobacteria Oceanospirillales Alcanivoracaceae Kangiella NA NA 
216 Firmicutes Bacilli Bacillales  Unclassified 0.285 0.01 
241 Unclassified 
Bacteria 
   Unclassified 0.213 0.092 
243 Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae Ulvibacter 0.289 0.042 
253 Unclassified 
Bacteria 
Unclassified Bacteria Unclassified Bacteria Unclassified Bacteria Unclassified  0.136 0.225 
282 Proteobacteria Gammaproteobacteria Oceanospirillales Oceanospirillaceae Pseudospirillum 0.401 0.007 
396 Unclassified 
Bacteria 
    -0.068 0.557 
400 Chloroflexi SAR202 clade   Unclassified  0.041 0.27 
407 Bacteroidetes Sphingobacteriia Sphingobacteriales Saprospiraceae Unclassified NA NA 
548 Cyanobacteria Chloroplast   Uncultured Eukaryote 
Chloroplast DNA 
0.279 0.053 
611 Proteobacteria Betaproteobacteria   Unclassified 0.272 0.04 






Table 1.1 Continued 






   Unclassified  NA NA 
887 Proteobacteria Gammaproteobacteria Alteromonadales Colwelliaceae Colwellia 0.145 0.217 























Table 1.2 OTUs identified by BEST analysis (summer) 
OTUs Identified by BEST analysis as explaining the most variance in virus abundance and production rates over the summer transect. 
BEST analysis was conducted stepwise with 500 random restarts, P-values were determined using 999 permutations. OTUs included 
must increase spearman’s rho by >0.01 to be identified in the analysis. 
OTU Phyla Class Order Family Genus Spearman Rho P-value 
90 Proteobacteria Alphaproteobacteria Rhodospirillales Rhodospirillaceae OM75 clade 0.389 0.007 
102 Planctomycetes Planctomycetacia Planctomycetales Planctomycetaceae Rubripirellula 0.037 0.322 
126 Planctomycetes Phycisphaerae Phycisphaerales Phycisphaeraceae FS140-16B-02 marine group -0.041 .0.563 
131 Bacteroidetes Sphingobacteriia Sphingobacteriales Sphingobacteriaceae Pedobacter 0.043 0.344 
162 Cyanobacteria Chloroplast   Braarudospaera bigelowii Chloroplast 0.26 0.036 
166 Planctomycetes Planctomycetacia Planctomycetales Planctomycetaceae Pirellula 0.255 0.077 
219 Proteobacteria Alphaproteobacteria Rhodospirillales  Unclassified  NA NA 
227 Proteobacteria Gammaproteobacteria   Unclassified  0.058 0.268 
238 Cyanobacteria Chloroplast   Uncultured Eukaryote Chloroplast DNA 0.221 0.136 
266     Unclassified  0 0.709 
308 Proteobacteria Deltaproteobacteria Oligoflexales Oligoflexaceae Unclassified  0 0.684 
323 Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae Joostella 0.256 0.034 
399 Proteobacteria Alphaproteobacteria E6aD10  Unclassified  NA NA 
447 Cyanobacteria Cyanobacteria Subsection I FamilyI Cyanothece 0.255 0.063 
548 Cyanobacteria Chloroplast   Uncultured Eukaryote Chloroplast DNA 0.491 0.001 
        





Table 1.3 Taxonomic assignments of chloroplast DNA 
Top 50 most abundant OTUs identified as chloroplast DNA in Mothur. A representative 
sequence was chosen from the OTU and top cultured BLAST hit is reported. 
 Taxonomy Name E-Value Sim Accession 
Otu00023 Helicopedinella sp. RCC2284 8.44E-115 100.00% LN735338.3 
Otu00036 Bacillariophyta sp. 867-32 2.84E-118 99.10% KP792487.1 
Otu00054 Emiliania huxleyi 2.84E-118 99.10% JN022705.1 
Otu00062 Uncultured Marine Eukaryote 5.22E-120 99.60% KX938088.1 
Otu00064 Phaeocystis globosa 5.90E-116 99.10% KC900889.1 
Otu00067 Uncultured Picoeukaryote 4.60E-113 97.80% JX291751.1 
Otu00079 Uncultured Dictyochophyte 1.55E-116 98.70% EF052136.1 
Otu00086 Virgulinella fragilis 1.55E-116 98.70% JN207213.1 
Otu00097 Uncultured Marine Eukaryote 2.84E-118 99.10% KX935068.1 
Otu00100 Planoglabratella opercularis 1.37E-109 97.00% KP792467.1 
Otu00113 Florenciella parvula 1.55E-116 99.10% LN735274.2 
Otu00116 Uncultured Chrysophyte 2.84E-118 99.10% EF052163.1 
Otu00120 Uncultured Marine Eukaryote 8.44E-115 98.30% KX937565.1 
Otu00158 Uncultured Haptophyte 8.44E-115 98.30% EF052065.1 
Otu00162 Braarudosphaera bigelowii 2.84E-118 99.10% AB847986.2 
Otu00218 Uncultured Chrysophyte 2.84E-118 99.10% EF052251.1 
Otu00234 Asterionella formosa 4.06E-106 96.10% KC509519.1 
Otu00238 Prasinophyceae sp. RCC999 1.75E-112 98.30% LN735517.3 
Otu00242 Proboscia inermis 2.79E-96 94.40% FJ002201.1 
Otu00255 Uncultured Marine Eukaryote 3.55E-110 97.80% KX937647.1 
Otu00260 Uncultured Marine Eukaryote 5.22E-120 99.60% KX938009.1 
Otu00268 Uncultured Marine Eukaryote 5.82E-116 100.00% KX938202.1 
Otu00270 Eukaryote SCGC AAA074-P04 2.51E-111 97.40% JF488733.1 
Otu00276 Virgulinella fragilis 4.60E-113 97.80% KP792491.1 
Otu00284 Ralstonia solanacearum 2.51E-111 97.40% CP011998.1 
Otu00319 Uncultured Marine Eukaryote 2.21E-104 96.10% KX938047.1 
Otu00335 Rhizosolenia imbricata 4.60E-113 97.80% KJ958482.1 
Otu00343 Proboscia indica 8.44E-115 98.30% FJ002241.1 
Otu00344 Uncultured Marine Eukaryote 1.55E-116 98.70% KX937668.1 
Otu00364 Syracosphaera pulchra 1.20E-102 96.00% LN735258.2 
Otu00366 Calcidiscus quadriperforatus 2.51E-111 97.40% LN735221.2 
Otu00370 Uncultured Chrysophyte 3.16E-103 96.10% EF052251.1 
Otu00379 Actaea racemosa 1.07E-117 99.60% KY085920.1 
Otu00395 Teleaulax amphioxeia 4.62E-113 99.10% KX816862.1 
Otu00423 Uncultured Diatom 1.21E-102 95.30% KX938043.1 
Otu00494 Virgulinella fragilis 2.51E-111 97.40% JN207220.1 
Otu00502 Uncultured Chrysophyte 5.22E-120 99.60% KX938184.1 






Table 1.3 Continued 
 Taxonomy Name E-Value Sim Accession 
Otu00531 Thalassionema sp. CCMP1100 4.06E-106 96.10% FJ002197.1 
Otu00534 Uncultured marine eukaryote 2.84E-118 99.10% KX934876.1 
Otu00548 Eukaryote SCGC AAA074-K22 8.44E-115 98.30% JF488711.1 
Otu00549 Pelagomonas sp. RCC986 1.21E-113 100.00% LN735511.3 
Otu00565 Thalassionema sp. CCMP1100 1.37E-109 97.00% FJ002197.1 
Otu00573 Planoglabratella opercularis 4.60E-113 97.80% KP792480.1 
Otu00581 Uncultured Phototrophic Eukaryote 1.55E-116 98.70% KP792480.1 
Otu00585 Uncultured Marine Eukaryote 4.60E-113 97.80% KX938161.1 
Otu00602 Rhizosolenia imbricata 2.21E-104 95.70% KJ958482.1 
Otu00624 Uncultured Marine Eukaryote 1.55E-116 98.70% KX937932.1 































CHAPTER 2 SEASONAL AND SPATIAL ANALYSIS OF 
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The North Pacific Subtropical Gyre is the largest contiguous ecosystem on Earth. 
The boundaries of this region are thought to have been stable since the transition into the 
Holocene Epoch. However, recent evidence suggests that the North Pacific Subtropical 
Gyre is expanding into a transitional region that bounds it to the north. Given the 
importance of the transition region both in global carbon cycling and as a food source, we 
investigated the role that both physical changes and biotic interactions may play in 
differentiating the microbial communities between the Gyre and Transition regions. In 
this study, we used 16S rRNA amplicon libraries, generated on seasonal cruises across 
the North Pacific basin to determine if the microbial communities differ between the gyre 
and transition regions. Further we analyzed abiotic factors that drive community 
dissimilarity between the Gyre and Transition regions in the context of climate change 
associated factors within this region. We found that temperature and stratification are 
factors that drive microbial community dissimilarity between these regions in winter and 
summer, respectively. Further, we analyzed regional variability of microbial co-
occurrence network topologies to generate predictions concerning the resilience of these 
communities. Analysis of these networks from the Gyre region showed network 
topologies, such as high connectance and low modularity, which may be indicative of 







The Earth’s surface is dominated by marine ecosystems. Although physically, 
chemically, and biologically diverse, these systems all rely on microbial communities to 
form the basis of marine food webs and cycle carbon and nutrients (Arrigo, 2005; Azam 
et al., 1983). Given the importance of marine microbial communities, an understanding of 
the environmental factors that shape these communities and how these drivers differ 
regionally is vital. 
The major basins of the world’s oceans contain large circulation features known 
as gyres, which are characterized by low productivity and nutrient availability (Grande et 
al., 1989; Hayward, 1987).  Of these gyres, the North Pacific Subtropical Gyre (NPSG), 
extending between 15°N to 35°N from 135°E and 135°W, is the largest (McGowan, 
1971). Despite the low net productivity of this region, the NPSG has been shown to be 
vital in geochemical cycling of nitrogen and phosphorus, and serves as an important 
global carbon sink (Ayers and Lozier, 2012; Bjorkman et al., 2000; Karl et al., 1997). 
The NPSG is bordered to the north by a transitional region which is, in turn, bound in the 
north by the North Pacific Subarctic Gyre (Sverdrup et al., 1942). This Transition region 
serves as the strongest carbon sink within the North Pacific basin; a majority of which 
has been attributed to the microbial community in this region (Ayers and Lozier, 2012; 
Takahashi et al., 2006).  Within this transitional region there are unique features, such as 
the Transitional Zone Chlorophyll Front, which arises from stronger seasonality than is 
characteristic of the more stable and homogeneous NPSG (Polovina et al., 2001).  
The boundaries of the NPSG and the transitional region (~35 °N) have been 





water column species distributions, and physical water mass boundaries (Funnell et al., 
1971; Roden, 1971; Sverdrup et al., 1942).  However, the location of the boundary has 
previously shifted with major global climatic changes (i.e. Pleistocene-Holocene 
transition) (Moore, 1973; Sabin and Pisias, 1996).  One such shift in regional geography 
is hypothesized to be occurring now in response to anthropogenically induced climate 
change (Karl et al., 2001; Polovina et al., 2001; Polovina et al., 2008). This theorized 
expansion has been shown in remote satellite sensing of chlorophyll concentrations of the 
North Pacific (SeaWiFS), which suggest that the NPSG is expanding at a rate of 
approximately 3.53 x 105 Km2 Y-1.  This expansion is primarily focused in the 
Northeastern sector of the NPSG the region covered by our cruise transects (Fig 1) 
(Polovina et al., 2008).  
The effect of Gyre expansion on macrospecies distribution of these regions has 
been projected (Howell et al., 2015). However, characterization of the microbial 
communities, how they differ between these regions, and which environmental factors 
may be involved in structuring these communities remain unclear.  Within the NPSG, 
Bryant et al. (2016) characterized factors that drive temporal changes in microbial 
community structure at a single site (HOTS) and found that wind speed played a role in 
changing alpha-diversity; while beta-diversity was strongly linked to temperature and 
light. A study of the global oceans determined that changes in microbial communities 
between different oceanic regimes were not driven by geography alone, but changing 
environmental factors selecting for particular taxa (Sunagawa et al., 2015). Of the 
environmental parameters measured, it was determined that temperature was the abiotic 





al., 2015). Based on those findings we proposed that temperature would be the primary 
factor driving microbial community differences between the Gyre and transitional 
regions.   
Historically, microbial communities have been examined across spatial and 
temporal scales through the lens of primarily abiotic environmental factors driving 
changes in diversity. However, Lima-Mendez et al. (2015) determined that biotic 
interaction played a stronger role in changing microbial communities than environmental 
factors when examined on a global scale. This finding has since been extended to 
microbial community structure on various spatial and temporal scales (Cordero and 
Datta, 2016; Datta et al., 2016). In light of this, it is vital to investigate biotic interactions 
to gain a full understanding of the changes that marine microbial communities may 
undergo in response to environmental perturbation (Araujo et al., 2011).  
Studies of co-occurrence networks in diverse ecosystems have shown that they 
are robust tools to gain insight into the structure and function of natural communities 
(Cram et al., 2015; Ho et al., 2016; Lupatini et al., 2014; Peura et al., 2015; Vick-Majors 
et al., 2014; Zhou et al., 2010; Zhou et al., 2011). Interpretation of network topologies of 
microbial co-occurrence can be used to generate hypotheses concerning the resilience of 
microbial communities in aquatic ecosystems (Kara et al., 2013). Further, application of 
network theory to microbial co-occurrences has allowed for identification of core species 
within various environments that play a role in maintaining overall network topology.  
The goals of this study were to first determine if there were signature microbial 
communities that differentiated the Gyre and Transition regions of the North Pacific 





Transition communities. Finally, we determined the characteristic topologies of co-
occurrence networks of the Gyre and Transition regions of the North Pacific Ocean 
seasonally to generate hypotheses concerning the robustness of the microbial 
communities. 
 
Materials and Methods 
Sample collection, physical, and nutrient parameters 
Samples were collected on two basin-scale cruises aboard the R/V Kilo Moana. 
Winter samples were collected between January 10, 2013 and February 7, 2013 (Cruise 
KM1301) (Figure 1B) and the summer samples were collected between July 1, 2013 and 
July 28, 2013 (KM1312) (Figure 1C). Transect maps were created in SeaDas-SeaWiFs 
Data Analysis System 7.1 (Fu, 1998) using average chlorophyll concentrations over the 
period of sample collection. Data were accessed through NASA Sea-viewing Wide Field-
of-view Sensor (SeaWiFS) Ocean Color Data (Files: 
V20130012013031.L3m_MO_NPP_CHL_chl_ocx_4km.nc and 
V20131822013212.L3b_MO_NPP_CHL.nc [accessed on 2015/03/28]). Samples were 
collected within the mixed layer across both transects using Niskin bottles mounted on a 
CTD rosette outfitted with a Sea-bird 911 instrument package, that collected in situ 
parameters including temperature, salinity, PAR as well as dissolved oxygen 
concentrations. Water samples for further analysis were collected in opaque 
polypropylene carboys (Nalgene). Nutrient concentrations (PO4, SiOH4, NO3, NH4) and 






Figure 2.1 Cruise transects in winter (A) and summer (B) 
Each point represents a sample collection site in each season. Color indicates chlorophyll 
a concentration averaged over the duration of the cruise as determined by SeaWifs (see 












2016). Environmental metadata associated with these cruises may be accessed through 
http://www.bco-dmo.org/project/2237. 
Analysis of community structure  
Microbial cells from 350 mL of seawater were collected on 0.2 μm polycarbonate 
filters (Millipore Billerica, Massachusetts United States) using vacuum filtration. Filters 
were transferred to a 2 mL cryovial and flash frozen in liquid nitrogen for shipping, and 
subsequently stored in the lab at -80°C.  DNA was extracted using the PowerWater® 
DNA Isolation Kit (Mo Bio). Samples were prepared and sequenced by the Hudson 
Alpha Genomic Services Library (Huntsville, AL, USA) as previously described by 
Gainer et al. (2017). Briefly, the V4 Region of the 16S rRNA gene was sequenced on the 
Illumina Miseq Platform using V3 chemistry (Klindworth et al., 2013).  Sequence data 
can be accessed through the NCBI Short Read Archive (accession PRJNA394135). Only 
reads with a Q-score of 30 or greater were used for subsequent analysis. Reads which met 
quality control standards (no ambiguous bases, homopolymers <8) were processed using 
MOTHUR following the Miseq SOP (Accessed: 4/18/2017) (Kozich et al., 2013; Schloss 
et al., 2009). Chimeras were identified using VSEARCH and removed from further 
analysis (Edgar et al., 2011; Rognes et al., 2016). Taxonomy was assigned using the Silva 
Ribosomal Database (v123) (Quast et al., 2013); sequences identified as mitochondrial 
were removed from further analysis. For analysis of spatial and seasonal variation of 
bacterial communities, remaining reads were standardized by library size and fourth root 
transformed multivariate statistical analyses were conducted in PRIMER-E (v7) (Clarke, 
1993), as described below. To determine if bacterial communities differed between Gyre 





factors that may be driving the dissimilarity between the microbial communities a BEST 
analysis was performed (Clarke et al., 1993). Reported P-values were determined through 
999 permutations of the data. 
Network construction and analysis 
Construction and analysis of networks was completed using the Molecular 
Ecological Network Access Pipeline (MENAP) (Deng et al., 2012; Zhou et al., 2010; 
Zhou et al., 2011). Briefly, samples were divided into 4 data sets; comprised of samples 
collected in the mixed layer of the currently defined Gyre region (<35°N) and Transition 
region (>35°N) in both winter and summer (Roden, 1970; Sverdrup and Scripps 
Institution of Oceanography., 1942). In an attempt to limit associations that were driven 
exclusively by habitat or niche partitioning, and not biological interactions, OTUs found 
in less than 50% of samples in each data subset were excluded from network 
construction.  This threshold was chosen to maintain a balance between sensitivity and 
specificity of the networks, as shown in Berry et al. (2014). If OTU filtering was not 
performed then it resulted in networks that were indistinguishable from randomized 
networks (data not shown). Samples were normalized via log transformation and 
standardized by relative abundance. Pearson correlations were used to determine co-
occurrence and exclusion patterns of the microbial community as it has been shown to be 
highly sensitive and specific in detecting interactions in synthetic microbial networks 
while limiting spurious correlations in relative abundance data (Berry and Widder, 2014; 
Friedman and Alm, 2012). A non-arbitrary correlation threshold was determined using 
Random Matrix Theory (RMT) (Luo et al., 2007; Luo et al., 2006; Wigner, 1967). 





the distribution of nearest neighbor spacing distances between the Gaussian orthogonal 
ensemble, characteristic of non-random networks; and the Poisson distribution, 
characteristic of random networks (Deng et al., 2012; Luo et al., 2006). This transition 
point can be used to determine the R2 values for which only significant interactions are 
measured. To allow direct comparison of all four networks, the threshold of the highest 
Pearson correlation value identified in the four datasets was selected as the cutoff for all 
constructed networks (Zhou et al., 2011). 
To determine module membership four algorithms were used: simulate annealing, 
short random walk, greedy modularity and leading eigenvector algorithms (Guimera and 
Amaral, 2005; Newman, 2004; Newman, 2006a; Pons and Latapy, 2005). The short 
random walk algorithm was selected for determining modularity within each network as 
it maximized the number of modules present in each network (Table 2.5, see Chapter 2 
Appendix).  To determine if the networks generated through this analysis were robust 
they were compared to the topology statistics of 100 randomized networks. Visualization 
of networks was done in Cytoscape (Shannon et al., 2003). Node centralities were 
determined using the Cytoscape application CytoNCA (Tang et al., 2015). 
 
Results and Discussion 
Gyre and Transition regions are characterized by distinct microbial communities.  
Based on satellite measurements of chlorophyll concentration, the Transitional 
zone between the NPSG and the Subarctic Gyre is narrowing in response to large-scale 





regions differ hydrologically and little is known about the differences in microbes. This 
lack of knowledge makes it difficult to predict if large-scale changes in the microbial 
community in the Transitional region are imminent. Geographic variation in microbial 
communities on a global scale has been documented, indicating these communities likely 
differ from one another (Sunagawa et al., 2015). Beyond geographical variability of 
microbial community structure, seasonality of microbial communities has been well 
documented previously, both globally (Gilbert et al., 2012; Giovannoni and Vergin, 
2012), as well as in the North Pacific at the Hawaiian Ocean Time Series (Bryant et al., 
2016). To address if the microbial community differed between the NPSG and Transition 
region we used a one-way ANOSIM analysis on our 16S rRNA gene amplicon libraries 
(Clarke, 1993).  The result of this analysis supports our hypothesis that these 
communities differ regardless of season (Winter: R = 0.198, P = 0.004; Summer: R= 
0.285, P= 0.001). Therefore temporal considerations must be considered when addressing 
spatial differences in the microbial community between these regions.   
Identification of abiotic factors influencing microbial community structure  
Given the hypothesis that the Gyre region is expanding and displacing the 
Transition region, we aimed to determine abiotic factors that correlate to differences 
between the regional microbial communities seasonally, To address this question we used 
BEST analysis test to determine the proportion of variance of microbial communities 
between stations that is explained by the suite of abiotic factors measured (Clarke, 1993).  
Although only a fraction of the variance between these communities can be described by 
the parameters measured, we were able to identify factors that may play a role in 





stratification (Spearman ρ = 0.129, P = 0.076), temperature (Spearman ρ = 0.094, P = 
0.15), and NH4 (Spearman ρ = 0.125, P = 0.15) were able to describe 20.6% (P= 0.102) 
of the dissimilarity in microbial community structure as determined by 16S rRNA gene 
libraries (Figure 2.2 and Table 2.1). In the summer three variables were able to explain 
46.9% (P=0.002) of the variation in microbial community structure. These were 
temperature (Spearman ρ=0.239, P=0.038), pH (range: 7.88-8.09, Spearman ρ=0.113, 
P=0.214), and dissolved oxygen concentration ( range: 149.18-283.48 μM/kg2 , 
Spearman ρ=0.421, P=0.003) (Figure 2.3 and Table 2.1). Since a portion of community 
structure change in the North Pacific is linked to changing environmental parameters, it is 
important to consider how these abiotic factors are predicted to change in the North 
Pacific in response to climate change. This will allow us to begin to form hypotheses for 
the role physical factors may be playing in the proposed domain shift of microbial 
communities in the North Pacific Subtropical Gyre (Karl et al., 2001).  Climate change 
models predict that the factors identified through our analysis are changing in response to 
anthropogenically driven climate shifts; including increased stratification of the water 
column, warming of sea surface temperatures, decreasing pH and dissolved oxygen 
concentrations (Capotondi et al., 2012; Matear and Hirst, 2003; Stramma et al., 2008). In 
both seasons temperature was correlated to changing microbial community structure 
across both transects. Previously, it has been shown that temperature and dissolved 
oxygen concentration were strong correlates to both functional and taxonomic relatedness 
of communities on a global scale (Sunagawa et al., 2015). However, temperature, pH and 







Figure 2.2 nMDS of bacterial communities in winter 
 nMDS  (Stress = 0.12) of 16S rRNA gene libraries collected from within the mixed layer 
over the course of the winter cruise. Symbols denote samples collected within the 
Transition zone as traditionally defined (closed circles), or samples collected within the 












Figure 2.3 nMDS of bacterial communities in summer 
nMDS (stress=0.11) of 16S rRNA gene libraries collected from the mixed layer over the 
course of the summer transect. Samples collected within the traditionally defined Gyre 






Table 2.1 Results of BEST analysis by season 
Factors determined to drive dissimilarity between Gyre and Transition regions seasonally 





































are separated, temperature appears to be the strongest driving factor of microbial 
community differentiation in global oceans (Sunagawa et al., 2015). 
Unfortunately, our sampling depth does not allow for disentanglement of these 
factors within the North Pacific, but if we extend the findings of Sunagawa et al. we must 
interpret the role of dissolved oxygen concentrations (and extended to pH) very carefully, 
and consider temperature as a possible key driving factor in winter as well. 
Although some of the variance in microbial community similarity can be 
explained by environmental parameters (20.6% in winter and 46.9% in summer), a 
majority of variation between microbial communities was not determined by the suite of 
factors measured. While it is possible that a majority of the variation between regions is 
described by an unmeasured abiotic parameter, it has been documented that biotic 
interaction may be a primary driver in regional microbial community differentiation 
(Datta et al., 2016; Sunagawa et al., 2015). In order to explore changes in biological 
interactions between the Gyre and Transition regions we utilized a microbial co-
occurrence network approach, utilizing a pipeline with stringent filtering of taxa to infer 
networks enriched in hypothetical biological linkages. 
Microbial co-occurrence networks  
Samples and general statistics 
Clustering of sequences at 97% similarity resulted in identification of 5,845 OTUs 
that were present in at least one of 53 samples collected from the mixed layer. These 
samples were divided into 4 subsets of data; those collected in the winter were divided 





the Transition region (as previously defined). The same was done for the amplicon 
libraries generated from samples collected in the summer. The number of samples used to 
construct the networks varied between sets including 15 and 18 in the winter Gyre and 
Transition respectively; and 9 and 11 samples in summer Gyre and Transition.  To allow 
for direct comparison of network topologies of the seasonal and regional networks only 
OTUs that met the most stringent correlation threshold identified by random matrix 
theory (Pearson R2 ≥ 0.88) for any of the four networks were included. Following 
correlational analysis, OTUs found to have at least one edge (i.e., significant co-
occurrence) were included in downstream network analysis.  
Although the parameters used for network construction were stringent, a number 
of relationships were identified. 92-192 OTUs were subsequently included in the seasonal 
and regional networks. In all networks examined, a majority of the edges identified were 
positive correlations (<1% negative in all networks), a trend common to many microbial 
co-occurrence networks (Gilbert et al., 2012; Lima-Mendez et al., 2015; Lupatini et al., 
2014; Zhou et al., 2011). Moreover, all observed networks were statistically different 
than those of the 100 randomized networks supporting the specificity of our network 
detection pipeline (Table 2.2). Further, the networks constructed fit previously identified 
characteristics of biological networks, such as being small-world (Average Path = 1.91-
4.22), Modular (M=0.548-0.717) and Scale free (R2 of power-law=0.573-0.889) (Peura et 
al., 2015; Albert and Barabasi, 2002). 
Average path distances ranged from 1.919-4.222 (Table 2.2), and high R2 of the 
power law indicate these networks fit the properties of being small-world and scale free, 





Table 2.2 Network characteristics for observed and random networks 
Network characteristics for observed and random networks as determined by100 randomizations of the data. Reported modularity was 
determined using the random walk algorithm.
 
 
Observed Networks Random Networks 



























Gyre 0.88 185 0.738 10.249 0.349 2.828 0.548 (24) 0.121 +/- 0.009 2.613 +/- 0.029 0.201 +/- 0.011 





 Gyre 0.88 191 0.573 13.843 0.478 4.222 0.551 (15) 0.170 +/- 0.011 2.433 +/- 0.026 0.162 +/- 0.009 





networks (Telesford et al., 2011; Watts and Strogatz, 1998). Nodes that do not share an 
edge but whose connecting nodes do, characterize small-world networks. These path 
distances are similar to path distances previously reported in aquatic systems including 
freshwater, the global ocean, and the Hawaiian Ocean Time Series (Deng et al., 2012; 
Lima-Mendez et al., 2015; Lupatini et al., 2014; Peura et al., 2015). In macroecological 
studies, it has been proposed that short average path length and high levels of 
connectance within interaction networks are indicative of more robust communities 
(Barabasi and Oltvai, 2004; Gilbert, 2009; Kitano, 2004). For the purpose of this paper 
we define robustness as in Kitano et al (2004), in which environmental perturbations do 
not affect the function of the community. For the purposes of this manuscript we have 
generated hypotheses concerning the robustness of Gyre microbial communities in 
comparison to Transition communities, using previously identified topological 
parameters associated with robust communities (Figures 2.4 and 2.5). These topologies 
allow for networks to maintain similar network structure, even with increased levels of 
taxon removal or change in taxon abundances (Dunne et al., 2004). If we use this finding 
to predict community resilience, then the higher levels of connectivity associated with the 
Gyre region (Winter: Gyre: 0.524, Transistion:0.252; Summer Gyre: 0.849 Transition: 
0.101) may suggest that these communities are more robust to changing abundances of 
taxa. The proposed mechanism of this resilience is that, in highly connected networks, if 
one taxa within a network is disproportionately affected by an environmental 
perturbation, then it is likely that its interacting community members will be more closely 





Figure 2.4 Winter microbial co-occurrence networks 
 
Co-occurrence networks of Gyre (A) and Transition (B) regions as determined by 
Pearson correlations of 0.88 or higher. Green edges indicate positive correlations while 
red indicate negative correlations. Node color indicates taxonomy of the OTU at Phylum 











Figure 2.5 Summer microbial co-occurrence networks 
 
Co-occurrence networks of Gyre (A) and Transition (B) regions as determined by 
Pearson correlations of 0.88 or higher. Green edges indicate positive correlations while 
red indicate negative correlations. Node color indicates taxonomy of the OTU at Phylum 











It has been further suggested that in diverse biological networks (i.e., signaling 
networks, pollination networks, microbial community functional networks) that 
modularity, a measure of the distribution of edges within subsets of nodes compared to 
the network, is negatively correlated to robustness of the network (Olesen et al., 2007; 
Tran and Kwon, 2013; Vick-Majors et al., 2014). To determine modularity of the inferred  
networks, a short random walk algorithm was selected because it maximized the 
separation and identification of modules within each network (Table 2.5).  This 
modularity algorithm provides a value (M) as a measure of how well the network is 
divided into independent modules. Within these clusters of nodes, the density of edges is 
higher within the module than outside the module (Newman, 2006b). When comparing 
modularity values between networks, we see lower modularity values in the Gyre region 
regardless of season (Table 2.2). This supports our hypothesis that Gyre communities 
may be more robust to shifting abiotic factors. 
Identification of high centrality nodes  
Although network topology metrics can help to develop hypotheses concerning 
resilience of communities, it is also important to identify OTUs that may play a larger 
role in maintaining the topology of networks. These are taxa whose loss or change in 
abundance may lead to a disproportionate change in the microbial co-occurrence 
networks (and a shift in in situ community structure). Recent evidence suggests that 
abundance is not necessarily an indicator of the importance of a taxa within the structure 
of microbial co-occurrence networks (Berry and Widder, 2014; Lupatini et al., 2014; 
Pedros-Alio, 2006). Therefore, to identify these community members that play an 





parameters, such as betweenness and closeness centralities (Berry and Widder, 2014; 
Lupatini et al., 2014). 
  Betweenness centrality is defined as the number of shortest paths from any two 
nodes in a network which pass through the node of interest (Newman, 2005).  Therefore, 
a loss or change of abundance in these species is thought to exert a larger effect on 
identified co-occurrence networks than others, as this would increase average shortest 
path length over a peripheral (low-betweenness) node. While the most abundant OTU in 
our overall dataset, Flavobacterium, was found to have high betweenness centrality in the 
Transition region regardless of season, a majority of the OTUs identified as topologically 
important were not amongst the most abundant taxa. Interestingly, many of the taxa with 
high levels of betweenness were shared both seasonally, as well as spatially, with at least 
one OTU classified as SAR86 being important in all subsets of data (Table 2.3). The taxa 
with which these nodes interact changed both seasonally and regionally. This trend was 
also seen when investigating interactions between trophic levels as the taxa 
photosynthetic organisms interacted with changed seasonally in each region explored; 
however, the most well represented classes were Flavobacteriia and Alpha- and 
Gammaproteobacteria. During the summer in the Gyre region, 34% of photosynthetic 
taxonomic interactions were to Alphaproteobacteria with a majority belonging to the 
family Rhodospirillaceae.  This shifted to 35% of Gammaproteobacteria in the winter, 
with a majority of taxa interacting with photosynthetic community members belonging to 
the uncultured clade SAR86. Within the Transition region, interacting taxa shifted from 





Table 2.3 Top 5 OTUs with highest betweenness centralities in observed networks 
Statistics associated with nodes with the 5 highest betweenness values within identified 
networks in in each respective dataset. Taxonomic assignment indicates the highest level 
of assignment that could be determined. 
Winter Gyre 
 Degree Betweenness Closeness  
SAR86 46 2592.6 0.017 
Pseudospirillum 39 1720.0 0.017 
OCS116 20 1571.1 0.0169 
SAR86 29 1473.3 0.0169 
Marinicella 33 629.6 0.017 
    
Winter Transition 
 Degree Betweenness Closeness  
SAR86 15 805.0 0.012 
SAR86 12 437.2 0.012 
PIR4 9 412.1 0.013 
Marine Group II 6 408 0.012 
Flavobacterium 20 399.4 0.013 
    
Summer Gyre 
 Degree Betweenness Closeness  
SAR406 20 7405 0.055 
Flavobacteriales 12 7232 0.055 
Gammaproteobacteria 3 6993.8 0.055 
NS5 Marine Group 9 6039.6 0.054 
SAR86 52 4084.2 0.055 
    
Summer Transition 
 Degree Betweenness Closeness  
SAR92 11 107.3 0.013 
Puniceispirillum 6 92 0.013 
Flavobacterium 14 61.7 0.013 
SAR116 5 45.6 0.013 






best represented family, whereas taxa were primarily unclassified bacteria (37%) in the 
winter. The dominance of interactions between Proteobacteria and photosynthetic 
community members may be unsurprising, as physical associations of Proteobacteria 
with photoautotrophs, particularly picoeukaryotes, have been documented to change 
seasonally in marine systems (Amin et al., 2012; Farnelid et al., 2016). Interestingly, a 
study in the North Sea showed increased activity of members of the identified classes 
(Alpha- and Gammaproteobacteria) in mesocosms amended with dissolved organic 
matter (McCarren et al., 2010). Although the families identified in this study differed 
between our datasets, this may indicate that these organisms may be more capable of 
responding to inputs of organic matter into the environment (McCarren et al., 2010). 
The phyla represented among the highly centralized nodes are diverse, including 
members of Bacteroidetes, Marinimicrobia, and Euryarchaeota (which may be 
underrepresented due to primer bias) (Klindworth et al., 2013). The majority of OTUs 
identified were from the phylum Proteobacteria. Most of the taxa identified within this 
analysis are uncultured (i.e., SAR86, SAR406, NS5) making conjecture on physiological 
function within these communities difficult. However, many of the taxa identified 
(SAR86, SAR116, Flavobacterium) have sequenced relatives that have been shown to 
possess proteorhodopsin which are transcribed in the marine system (Gonzalez et al., 
2011; Grote et al., 2011; Ottesen et al., 2014; Sabehi et al., 2004). This has been seen in 
other aquatic systems in which high centrality species identified within their networks 
were enriched in organisms capable of producing proteorhodopsin (Vick-Majors et al., 
2014).  It is important to note however the network overall is enriched in taxa which 





network, closeness centrality, a measure of the mean distance of a node to other nodes 
within a network, did not give as clear separation of topologically important nodes within 
each network. This indicates that a given node may play an important role in connecting 
species through inferred interactions, and that most species within a network are 
connected through a similar number of nodes indicating homogeneity of connection 
densities through out the networks. 
 
Conclusions 
Microbial communities differ between the Gyre and Transition regions in the 
North Pacific Ocean. Although we do not have evidence to conclusively show that 
documented NPSG expansion is reflected in the microbial community, we can leverage 
this dataset to generate hypotheses concerning abiotic factors that may disproportionately 
affect the structure of microbial communities in the North Pacific Basin and use the data 
we have generated to predict how change may occur (i.e., resulting communities). We 
found that temperature as well as stratification of the water column may be key factors in 
driving the microbial differences between these regions.   
We also characterized the microbial community networks, both seasonally and 
between oceanic regions, to identify structural differences in network topologies of the 
microbial communities of the North Pacific Basin. But, we must be cautious to interpret 
the data due to limitations of this technique. First, due to our use of correlational analysis, 
we limited our analysis to only taxa that positively (mutualism) or negatively 





using this technique, so we must consider that these correlations may be due to microbes 
filling the same environmental niches. However, network analysis of the global ocean 
indicates that minorities of interactions that have been identified are selected for by 
abiotic factors, and are driven by true biotic interactions (Lima-Mendez et al., 2015).  It is 
possible that our data may be influenced by factors that affect many sequencing projects 
(such as primer bias) or that were not measured in this study (e.g., Fe concentrations). 
However, through our network analysis, we found that the Gyre communities in the 
North Pacific show network topologies (high connectance and low modularity), which 
are generally characteristic of biological networks that are less sensitive to perturbation. 
This may also indicate however, that these networks may already be in flux due to a more 
dynamic environment within the transition region. Finally, we analyzed microbial co-
occurrence networks to identify core members of the Gyre and Transition communities 
regions and identified topologically important community members to network structure.  
We found that diverse phyla within these regions play important roles in network 
structure and are likely thus important players in the ecology of this system. Interestingly, 
many of the taxa were preserved across datasets, but the community members they 
interacted with changed both seasonally as well as geographically. Lastly, we have shown 
that biotic interactions are likely an important component to characterization of Gyre 
expansion in the North Pacific, and must be considered when understanding factors 
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Table 2.4 ANOSIM analysis of the North Pacific regionally and seasonally 































p-value= 0.001  
R=  0.636 
p-value= 0.001 
R= 0.285 








Table 2.5 Comparison of module number and network modularity 













Winter Mixed  
Gyre 
Summer Mixed  
Gyre 




Module Number 15 13 10 18 
Modularity 0.655 0.560 0.519 0.717 
Short Random 
walks 
Module Number 18 24 15 18 
Modularity 0.662 0.548 0.551 0.717 
Leading 
Eigenvector 
Module Number 16 12 17 19 
Modularity 0.650 0.538 0.531 0.717 
Simulated 
Annealing 
Module Number 16 13 13 18 





CHAPTER 3 DEVELOPMENT OF AN ASSAY TO IDENTIFY 
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The productivity of open ocean ecosystems is maintained by carbon fixation 
provided by the native cyanobacterial community. Within these regions it is predicted up 
to half of cyanobacterial mortality is caused by viral lysis, which outnumber hosts by 
several fold in the marine environment. To avoid lysis bacterial hosts must be constantly 
evolving to avoid infection, however, the genetic underpinnings of the host-virus 
relationship of cyanobacteria are not well characterized. To further investigate genes 
necessary for lytic viral infection, we developed an assay to select for transposon mutants 
of Synechococcus WH7803 that are resistant to syn9, a cyanomyovirus, one of the most 
prevalent classes of virus in marine systems. These generated mutants may allow for 
identification of genes with greater fitness cost than previously identified through studies 
of spontaneous virus resistant mutants. 
 
Introduction 
Phytoplankton are responsible for fixing an estimated 4.5x109 tons of carbon 
annually thereby playing a vital role in supplying carbon necessary for the marine food 
web (Azam et al., 1983; Falkowski et al., 1998; Field et al., 1998). Within the marine 
system, the numerically dominant species of cyanobacteria are the closely related genera 
Prochlorococcus and Synechococcus (Flombaum et al., 2013). Prochlorococcus 
generally dominates surface waters in the oligotrophic regions of the tropical and 
subtropical oceans, while Synechococcus is found in higher abundances in more nutrient-





The marine system is also marked by abundant bacteriophage capable of infecting 
and lysing their hosts (Fuhrman, 1999). Lysis of host cells subsequently leads to release 
and reutilization of fixed carbon, nitrogen and phosphorus by their microbial counterparts 
through a process known as the “viral shunt” (Wilhelm and Suttle, 1999). Molecular 
characterization and isolation of phage from communities in the marine system suggest 
that viruses capable of infecting marine cyanobacteria are present in high abundance (Lu 
et al., 2001; Matteson et al., 2013; Waterbury and Valois, 1993).  
Although the viral shunt has been well documented in marine systems, how 
viruses drive the diversity of microbial communities is less well characterized. Studies in 
nature are limited, but modeling of microbial communities has predicted that the presence 
of infectious phage allows for higher diversity (Weitz et al., 2015). Lab studies of 
constructed communities of marine bacteria have shown that in the presence of phage, 
following an initial lysis event, community composition was indistinguishable from 
communities with no phage present (Middelboe et al., 2001). This study did show 
however that phage served as a strong selective pressure, driving a shift in the population 
to a virus-resistant phenotype (Middelboe et al., 2001). This selection pressure toward 
virus resistance is likely the case in the natural environment given the high abundances of 
co-occurring phage (Waterbury and Valois, 1993). This co-evolutionary trajectory of host 
resistance, and phage subsequently overcoming this resistance, has become a model 
example of the “Red-Queen Hypothesis”, in which this process is necessary for the co-
existence of these two biological entities (Bohannan et al., 2002; Lennon et al., 2007; 





Despite the noted importance of viruses as drivers of host diversity, how this 
shapes evolution of marine cyanobacteria is unclear. In one study Synechococcus and 
RIM8, a myovirus, were grown in continuous culture for 170 generations. During this 
time period, 13 new viral phenotypes and 11 new Synechococcus phenotypes evolved, 
indicating that this dynamic can serve as a rapid selective pressure driving diversification 
of both cyanobacteria and their infecting phage (Marston et al., 2012).  However, the 
suite of genes necessary for lytic infection in Synechococcus and Prochlorococcus is not 
well characterized. Studies of spontaneous mutants have identified genes that confer 
resistance are largely cell surface associated, primarily involved in lipopolysaccharide 
biosynthesis (Marston et al., 2012; Stoddard et al., 2007). 
Studies on virus resistance in Prochlorococcus have shown that horizontally 
transferred genomic islands, or highly variable regions of microbial genomes, inferred 
resistance to podovirus (Avrani et al., 2011b). Many of the genes identified within these 
genomic islands are surface associated proteins or enzymes involved in cell wall 
synthesis, and likely limit the ability of virus to attach to host cell surfaces. Similar 
genomic islands were found to be widespread in the global oceans indicating that lab 
selection experiments can generate hypotheses concerning genes that are relevant to lytic 
viral infection in marine systems (Avrani et al., 2011b). This conservation of adsorption 
based resistance mechanisms often confers a lower cost of resistance therefore may be 
common in marine systems. 
Not all genes that have been identified to confer host resistance to viral infection 
are surface-associated. During virus infection of Synechococcus, transcription of 





mutagenesis has been used to study genes that are upregulated during viral infection, 
including a putative toxin-antitoxin system and restriction modification system (Fedida 
and Lindell, 2017). It was found that only a putative restriction enzyme was identified as 
a tentative host protection system from cyanomyoviral infection in Synechococcus 
(Fedida and Lindell, 2017).  
To further identify genes that confer resistance to cyanomyovirus infection, we 
have developed an assay using random transposon mutagenesis of the cyanobacterium 
Synechococcus WH7803. Synechococcus WH7803 was isolated from the surface of the 
Sargasso Sea, an oligotrophic region of the Atlantic Ocean (Brand et al., 1983). We have 
selected this strain as it has been previously used to characterize infection dynamics, and 
a broad range of infecting viruses including myovirus, podovirus and siphovirus are 
capable of productive infection have been isolated (Chen and Lu, 2002; Doron et al., 
2016; Marston et al., 2012; Ponsero et al., 2013). Further, transposon mutagenesis has 
been shown to be effective for identifying genes involved in various cellular processes in 
Synechococcus (McCarren and Brahamsha, 2005). For the current study assay 
development will focus on syn9 a naturally co-occurring cyanomyovirus, although 
podovirus (S-CPB1) was also used (Sharon et al., 2007; Weigele et al., 2007; Huang et al. 
2015). This virus is characterized by a broad host range that allows for productive lytic 
infection in strains of both Prochlorococcus and Synechococcus; this assay can be easily 
adapted for use with both host genera allowing for comparison of genes necessary for 
infection across cyanobacterial species. Further, this assay will allow for high-throughput 
generation of virus resistant mutants that allowing for identification of genes necessary 





Materials and Methods 
Strains and culture conditions for transposition 
An axenic streptomycin-resistant derivative of Synechococcus WH7803 (Vol28) 
(Morris et al., 2011) was used to generate transposon mutants. Prior to transposon 
mutagenesis, WH7803 was cultured using the artificial seawater medium AMP-J (Morris 
et al., 2011) at 24°C on a 14:10 hour light/dark cycle with 100 µmol quanta m-2 s-1 light 
using cool white fluorescent bulbs (Morris and Zinser, 2013; Morris et al., 2008).  
 The donor strain for mutagenesis was Escherichia coli strain JJM197, which is 
auxotrophic for 2,6-diaminopimelic acid (DAP) and contains a pRB1 derivative with a 
Mariner transposon containing a spectinomycin resistance marker (Bryan et al., 1984; 
Calfee et al., in prep). This strain was cultured in LB with 50 µg ml-1 spectinomycin and 
300 µM DAP at 37°C on a roller drum. 
Mutagenesis protocol   
 Mating and mutagenesis protocols were performed as previously described with 
modifications (Brahamsha, 1996; McCarren and Brahamsha, 2005). Cells of WH7803 
were concentrated prior to mating by filtering 20 mL of late log phase culture (~3*108 
cells mL-1) on 0.22-µm pore-size, 47 mm diameter polycarbonate filters (GE Water & 
Process Technologies, St. Peters, MO, USA) and resuspended in 1 mL of sterile AMP-J. 
Cyanobacterial abundance was determined by a Guava EasyCyte 8HT flow cytometer 
(Millipore, Billerica, MA, USA). Cells from overnight cultures of the E. coli donor strain 
were harvested by centrifugation at 5000 g for 5 min, washed twice and resuspended in 





the conditions used to culture WH7803 for 24 h with gentle mixing every 8-10 h to 
ensure cells suspension. Mating cultures were plated on AMP-J plates with 0.42% Noble 
Agar (Difco) and 50 µg µl-1 spectinomycin to select for transposon mutants. 
Concentrated cells of WH7803 that did not undergo the mating protocol were plated on 
AMP-J with or without 50 µg µl-1 spectinomycin as controls. Mutant colonies on spread 
plates were visualized within 6 weeks, picked, and reinoculated into AMP-J with 50 µg 
ml-1 spectinomycin to increase biomass for further analysis (Calfee et al., in prep). 
Determining transposon presence in mutant genomes 
 DNA was isolated from potential WH7803 mutant cultures using a DNeasy Blood 
and Tissue Kit (Qiagen). The presence of the transposon was first determined by PCR 
amplification of the R6K origin of replication using Mariner F (5’ 
GACACATAGATGGCGTCGCT 3’) and Mariner R (5’ 
TTCAGATCCTCTACGCCGGA 3’) to amplify a 292 bp product (Calfee et al., in prep). 
Any confirmed mutants were maintained in active culture under antibiotic selection and 
cryopreserved at -150°C. 
Culturing and measurement of growth of Synechococcus  
Cultures for selection of syn9 resistant WH7803 were grown in acid-washed 50 
mL glass culture tubes in AMP-A media as described by Morris et al. (2011). Transposon 
mutant cultures and wild-type control cultures were grown under selective pressure 
through addition of spectinomycin dihydrochloride at a final concentration of 50 μg mL-1. 
All cultures were grown at 100 µmol quanta m-2 s-1 of light in 12-h light- dark cycles at 





Cell growth was measured using both relative fluorescence and flow cytometry. 
Chlorophyll a fluorescence was measured on a Turner TD-700 fluorometer (Turner, CA, 
USA). Samples collected for WH7803 cell densities were preserved in 0.5% (v/v final 
concentration) TEM grade glutaraldehyde, flash frozen and stored at -80°C until 
enumeration. WH7803 cells were counted using a Guava EasyCyte 8HT Flow Cytometer 
(Millipore, CA, USA) using InCyte software v2.5. Counts were determined by yellow 
fluorescence and inelastic side-scatter gated by red fluorescence as previously described 
(Johnson et al., 2010).  
Virus propagation and enumeration 
Viruses were propagated on Synechococcus WH7803 for two generations prior to 
use in experiments. Density of syn9 was determined as previously described 
(https://dx.doi.org/10.17504/protocols.io.iptcdnn). Briefly, 1 mL of 1:100 dilution of 
virus was vacuum filtered onto a 0.02μm Anodisc filter (Whatman). Following filtration 
cells were stained for 20 min in the dark using SYBR Green I (Molecular Probes Inc. 
Oregon, USA) and mounted with 0.02 μm filtered 50% PBS Glycerol solution containing 
Phenelenediamine to prevent fading during enumeration (Ortmann and Suttle, 2009).  
VLPs were counted at 1000x magnification on a Leica Epifluorescent microscope (Model 
DM5500 B) using L5 filter cube. 20 grids were counted and averaged to determine virus 
density.  
Selection and isolation of virus resistant mutants 
 Cells were grown to mid-exponential phase before addition of syn9 at a virus-to-





were measured through fluorescence and cell abundances. Transfers were made into 
AMP-A media as described above at a 1:30 dilution and growth of cells was tracked.  
When cells reached mid log phase 25mL of culture was filtered through a 0.2 μm 
Sterivex filter (Millipore Sigma) using a sterile 50mL syringe. DNA was extracted using 
a DNeasy PowerWater Sterivex Kit (Qiagen) according to the manufacturer’s 
microcentrifuge based protocol. Following collection DNA was stored at -20° C until 
further analysis. 
Isolation of virus resistant mutants was attempted by two means. Surface plating 
was carried out on AMP-A media containing 50 μg mL-1 spectinomycin with addition of 
tyndallized Noble agar to a final concentration of 0.42% (Morris et al., 2008). 100μL of 
the virus resistant mutant pool in mid-log phase was inoculated onto plates and spread 
with acid-washed glass beads. For pour-plating isolation, 14 mL AMP-A media with 
spectinomycin was pre-warmed to 37°C.  5 mL of 0.42% (final concentration) 
UltraPure™ Low Melting Point Agarose (Invitrogen) was added to pre-warmed media 
following the final tyndallization step. 1 mL of culture in mid-log phase was added to 
media and plated. Plates were incubated in conditions as previously described. When 
isolated colonies were identified they were picked using sterile plastic inoculating loops 
and inoculated into 1 mL Amp-A with spectinomycin. 
Molecular analysis 
To determine if Synechococcus WH7803 and its infecting virus syn9 were present 
within the North Pacific basin we used publically available datasets from this region 





Synechococcus WH7803 16S rRNA (accession: AF311291)  and syn9 psbA gene 
(accession: DQ149023.2). 
 
Results and Discussion 
Evidence suggests that viruses in the marine system play a vital role in driving 
host evolution (Avrani et al., 2012; Lenski, 1988a; Marston et al., 2012). In order to gain 
further insight into host-virus interaction at the genetic level we have developed an assay 
to select for transposon mutants of the marine cyanobacteria Synechococcus WH7803 
and its infecting cyanomyovirus syn9, a co-occurring host-virus pair found within the 
North Pacific Ocean (Table 3.1 and 3.2, see Appendix).  
Confirmation of transposon insertion 
Prior to selection of virus resistant transposon mutant strains, successful mating 
between WH7803 and donor strain JJM197 was confirmed. Primers targeting the R6K 
origin of replication were used to confirm the presence of the mariner transposon through 
PCR. A 292 base pair amplicon was found in the culture of WH7803 that was 
subsequently used for selection and isolation of virus resistant mutants (Figure 3.4, see 
Appendix).  
Growth kinetics of wild type and mutant cultures 
To determine if this system would be appropriate for isolating virus resistant 
mutants, we aimed to determine that the syn9 resistant transposon mutants proliferate 





both spectinomycin and virus. Given that mating takes place in liquid in this protocol it is 
important to determine that incorporation of transposon into the genome was responsible 
for spectinomycin resistance more frequently than spontaneous mutations. If this were the 
case we would expect to see no decrease in growth in transposon cultures, while parental 
strains would see a period of cell death followed by a recovery of the population. To 
address this growth of cultures was measured through two methods, chlorophyll a 
fluorescence and flow cytometry. Transposon mutant pool control (with or without 
spectinomycin) and parental strain showed no apparent growth defects with growth rates 
being statistically indistinguishable (Ranked ANOVA P= 0.829) (Figure 3.1 and 3.2). 
Wild type cultures inoculated into AMP media containing spectinomycin saw steady 
decrease in both fluorescence and cell density; however, on day 21 cell abundances began 
to increase, indicating the presence cells in which had developed spontaneous mutations 
conferring resistance to spectinomycin. These findings indicate that spectinomycin 
resistance in the mutant pool is likely due to introduction of the transposon carrying the 
spectinomycin resistance gene.  Similarly, wild-type cultures challenged with syn9 also 
developed resistance within a portion of the population (day 23). However, wild type 
WH7803 under selective pressure of both antibiotic and virus saw no spontaneous 
mutants arise during the course of the experiment. This indicates that our selection 
process is stringent enough to select for cells that have gained resistance to antibiotic and 
tentatively viral infection through genomic incorporation of the transposon. While it is 
possible that incorporation of transposon into the genome protected cells from antibiotic 







Figure 3.1 Growth of Synechococcus as determined by chlorophyll fluorescence. 
All treatments were grown in triplicate in Amp-A media with addition of spectinomycin 
or syn9 as indicated. Syn9 was added to respective treatments at virus to bacteria ratio of 
5:1 on day 9 the growth curve. WH7803 experimental treatments are as follows: wild 
type (blue), wild type with spectinomycin (red), wild type with Syn9 (green), wild type 


































Figure 3.2 WH7803 cell densities through viral selection process 
Abundances of Synechococcus as measured through flow cytometry over the growth 
curve. All cultures were grown in Amp-A media with addition of spectinomycin or syn9 
as indicated. Syn9 was added to respective treatments at virus to bacteria ratio of 5:1 on 
day 9 the growth curve. WH7803 experimental treatments are as follows: wild type 
(blue), wild type with spectinomycin (red), wild type with Syn9 (green), wild type with 
spectinomycin and Syn9 (purple), mutant with spectinomycin (orange), mutant with 


























further characterization of individual mutants will allow for differentiation between the 
sources of virus resistance. 
Interestingly, when this assay was performed with podovirus S- CBP1 no virus 
resistant mutants were detected. This assay was performed at 3 virus-host ratios (5,7,9) 
this may be due to the assay being performed with virus titers that caused cell wall 
damage ultimately leading to death of cells (Molineaux 2006). However, it is also 
possible that the infection dynamics of podovirus differ from that of myovirus as 
podovirus are characterized by a narrower host range, therefore it is possible that stronger 
selective pressure against rapid evolution of host resistance may be necessary for 
cyanopodophage survival (Dekel-Bird et al. 2013).  
Characteristics of virus resistant mutants 
An apparent growth defect is seen in syn9-resistant WH7803 mutants as 
characterized by increased length of lag phase in virus resistant pools (virus resistant: day 
5, control: day 3) as well as a statistically significant difference in growth rate (P=0.02) 
(Figure 3.3). It has been proposed that decreased growth rates of host leads to changes in 
cyanomyoviral infection dynamics, however, studies of WH7803 and closely related 
cyanobacteria are conflicting (Lindell et al., 2007; Wilson et al., 1996). These growth 
defects may be a fitness cost due to the mutation allowing virus resistance, and are 
dependent on both host and virus characteristics (Lennon et al., 2007). A viral trait 
commonly associated with decreased host growth rate is the capability of infecting a 






Figure 3.3 Growth analysis of transposon mutant and virus resistant mutant pool 
Growth of cultures as measured through chlorophyll a fluorescence of mutant pool with 
no viral selection (blue) and Syn9-resistant mutants (red). All cultures were grown in 
Amp-A media with addition of spectinomycin. Virus resistant mutant culture was 






































mutations in genes conserved between the diverse hosts; therefore it is more likely to 
result in greater fitness cost (Lennon et al., 2007; Lenski, 1988b). This may be the case in 
our system as syn9 is capable of infecting a wide variety of strains in both 
Prochlorococcus and Synechococcus genera (Sullivan et al., 2003); therefore, mutations 
conferring resistance to this virus may result in a more pronounced decrease in fitness.  
Our data supports the hypothesis that, for viruses and their infecting host to both 
be present in a system, then there may be a trade-off or cost to resistance in the 
physiology of the host organism (Lenski, 1988a). It is important to note, however, not all 
resistant phenotypes exhibit this growth defect (Avrani et al., 2011b). Therefore, it is 
important to consider that these cultures represent a pool of virus resistant transposon and 
need to be further investigated individually. Isolation of WH7803 mutants was achieved 
through spread plating and pour plating while under selective pressure of syn9 and 
spectinomycin. Although work to identify genes necessary for viral lysis of WH7803 is 
ongoing, there are many promising findings from development of this assay. Most studies 
of virus resistance in marine cyanobacteria have relied on spontaneous mutations or virus 
resistant isolates from nature (Avrani et al., 2011a; Marston et al., 2012; Marston et al., 
2013; Stoddard et al., 2007). While we have gained vital insight into many genes 
associated with the virus infection in cyanobacteria, a majority of these have been surface 
associated likely affecting the attachment or adsorption process. Given the prevalence of 
these mutations, it is possible these changes are associated with a lower cost of resistance. 
While these genes are possibly more ecologically relevant, there are other genes that must 
be identified for complete understanding of phage infections on a genetic level. Although 





not been proven to be unbiased, it is highly likely, as this characteristic has been observed 
in diverse species (Alyahya et al., 2009; Cartman and Minton, 2010; Pozsgai et al., 2012; 
Rubin et al., 1999).  Given the assumed random insertion of the transposon, it is probable 
that we will identify genes necessary for lytic infection with increased fitness costs over 
naturally occurring spontaneous mutants. Although the ecological relevance of these 
genes will need to be further investigated, it will allow for greater understanding of the 
genetic interplay between host and their infecting viruses. The virus used in this assay is 
characterized by a broad host range, and is capable of infecting the two numerically 
dominant cyanobacteria in the surface ocean (Weigele et al., 2007). As such, this assay 
can easily be adapted to identify suite of genes that are vital for lytic viral infection in a 
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Figure 3.4 Confirmation of transposon insertion in WH7803 
Agarose gel of PCR products amplified from a region within the mariner transposon to 
confirm incorporation into WH7803.  Ladder (A), positive control (B), PCR product from  






Table 3.1 Top BLAST hits of syn9 psbA in contig assemblies from the Pacific Ocean 
Viromes 
Contigs identified to be closely related to syn9. The number of reads recruiting to contig 
indicated in parentheses. 
Hit Description E-value %Identity 
151314 contig00154    (125) 0 84.57 
181718 contig00247   (26) 0 84.02 
10724 contig01287   (55) 0 81.41 
28351 contig01654 (81) 0 81.23 
71497 contig02508 (153) 0 84.17 
52085 contig01091 (49) 0 81.37 
690 contig00691 (14) 0 84.74 
30421 contig03724 (34) 0 85.86 
88125 contig19136 (35) 0 86.2 
















Table 3.2 Sequences related to Synechococcus WH7803 
Top BLAST hits of Synechococcus WH7803 16S rRNA sequence to reads from monthly 
samples collected at the Hawaiian Ocean Time Series (Bryant et al., 2016). 
Hit Description E-value 
% 
Identity 
SRX556089.234839 HNQWL1C01DFPO6  0 98.89 
SRX556089.59249 HNQWL1C01DBLND  0 98.89 
SRX556089.32930 HNQWL1C01EHGWR  0 98.67 
SRX556089.124291 HNQWL1C01AMBP2  0 98.67 
SRX556089.73992 HNQWL1C01DUG6L  0 98.24 
SRX556089.15190 HNQWL1C01AQ9OP  0 98.24 
SRX556089.237235 HNQWL1C01D2BNP  0 98.45 
SRX556089.28628 HNQWL1C01DOB84  0 98.45 
SRX556089.64608 HNQWL1C01D492U  0 98.03 


























Microorganisms are the most abundant life forms in marine systems, with 
estimates of  ~1029 bacterial cells within the open ocean alone (Whitman et al., 1998). As 
such, these entities have been investigated as drivers of nutrient cycling, as well as for 
their role as the basis of marine food webs (Arrigo, 2005; Azam et al., 1983; Pomeroy, 
1974). Further, understanding of parameters that constrain the distribution and activity of 
microbes has been an active area of research for many decades (Azam and Hodson, 1977; 
Lima-Mendez et al., 2015; Sunagawa et al., 2015). However, much of this research has 
commonly focused on distributional patterns of single species and abiotic factors that 
may constrain them. Recently, it has become clear that biological interactions also play a 
vital role in shaping microbial communities globally (Lima-Mendez et al., 2015). These 
interactions take place not only between microbes, but also between microbial cells and 
viruses. It is estimated that there are 1030 viruses in the global oceans, and that 1023 viral 
infections take place each second (Suttle, 2007). As such, these interactions play a major 
role in shaping nutrient flows, as well as in shaping microbial community structure in the 
marine biosphere (Fuhrman, 1999; Weitz et al., 2015; Weitz and Wilhelm, 2012). Despite 
the noted importance of these microbial communities, large regions of the Earth’s oceans 
are under sampled and poorly understood, particularly with respect to characterization of 
microbe-microbe interactions. One such region is the North Pacific Ocean, the largest 
oceanic basin and is the largest individual biome on the planet (Karl, 1999). My body of 
work aimed to begin to characterize and generate hypotheses concerning microbial 
interactions in the North Pacific Ocean by exploring three broad topics.  
In Chapter 1 we aimed to determine if there are abiotic and biotic factors that 





virus abundances in the North Pacific are correlated to abiotic factors, with some factors 
varying seasonally.  Temperature strongly and negatively correlates in both winter and 
summer to virus abundance. Nutrient concentrations that positively correlate with virus 
abundances change seasonally and include NO3 and NH4 in the summer but PO4 in both 
seasons. Virus abundance and production rates in the North Pacific Ocean were also 
correlated to specific (yet diverse) microbial taxa, which statistically explained a majority 
of the variation of virus dynamics in both winter and summer. A majority of these OTUs 
belonged to heterotrophic phyla, with the most represented being Proteobacteria. Further, 
taxa identified through our analysis are enriched in particle-associated metagenomes in 
marine systems (Crespo et al., 2013; Fontanez et al., 2015; Ganesh et al., 2014). This may 
indicate that particles in the North Pacific could play a role as ‘viral hotspots’ (Bettarel et 
al., 2016). Despite the fact that a majority of the OTUs that were identified are from 
heterotrophic phyla, chlorophyll a was the only parameter measured which correlated to 
virus production rates. Further, we found that eukaryotic chloroplast 16S rRNA 
sequences identified in our BEST analysis indicate a possible role of photosynthetic 
organisms also being a driver of dissimilarity among virus abundance and production 
rates. 
In Chapter 2 we aimed to address the hypotheses that microbial communities differ 
between the Gyre and Transition regions in the North Pacific Ocean. We further asked 
what roles abiotic factors play in explaining microbial community differences between 
these regions. We showed bacterial communities in the North Pacific Ocean vary 
temporally and spatially. Factors that drive community variations differed between 





community dissimilarity in the winter, and dissolved oxygen concentrations (possibly due 
to co-variation with temperature) in summer. These factors are changing in the North 
Pacific Ocean due to changing climate, and may play a role in the Gyre expansion, as 
proposed by Polovina et al (2008).  
Also in Chapter 2 we used microbial co-occurrence networks to infer differences in 
interactions between the gyre and transition regions. We used network analysis to 
characterize bacterial co-occurrences regionally and seasonally in North Pacific Ocean, 
and to generate hypotheses concerning the robustness of these communities; particularly 
high connectance levels and low modularity as these factors have been proposed to be 
characteristics that allow communities to be resilient to changing abundances of taxa due 
to environmental perturbations (Dunne et al., 2004). Diverse phyla were found to be 
involved in significant co-occurrences in both regions, with Proteobacteria being the most 
highly represented within our dataset. Our analysis indicates that regardless of season or 
metric used to generate hypotheses concerning robustness North Pacific Gyre 
communities had network topologies that are characteristic of more stable communities. 
Co-occurrences between photosynthetic community members and heterotrophic 
counterparts varied seasonally with a shift from Alphaproteobacteria in winter to 
Gammaproteobacteria in summer within the Gyre. In the transition region these linkages 
shifted from Alphaproteobacteria to unclassified bacteria.  
We used betweenness centrality to identify OTUs that serve as linking nodes, or 
nodes which a higher proportion of shortest paths pass through them. This allows us to 
identify OTUs whose changing abundances or loss from a community would have a 





SAR 86 clade, a ubiquitous clade in the world’s ocean, were highly represented within 
this subset of taxa, although the OTU may change regionally or seasonally. Finally, the 
most abundant taxa within our dataset were only identified to have high betweenness in 
one season and region while the remainder was less abundant taxa. 
Lastly, in Chapter 3 we developed an assay to screen for transposon mutants of the 
cyanobacteria Synechococcus WH7803 as a mean to identify genes that may be under 
selective pressure due to viral infection.  Although work is ongoing we found evidence 
that this assay allows for isolation of insertion mutants of interest.  
These results provide a greater understanding of how interactions between biological 
entities may serve to shape both microbial populations, as well virus dynamics in the 
North Pacific Basin. We have also shown that these interactions can be leveraged as a 
tool for genetic screens in the laboratory. But, these findings have generated more 
hypotheses to be addressed in the future.  
Using 16S rRNA gene amplicon libraries we were able to identify OTUs that 
correlate to changing virus dynamics. Although sequence enrichment of these taxa in 
particle fractions of seawater may indicate the role of these communities in virus 
dynamics, it is important to continue this line of research and conduct size fractionated 
virus production assays to further test that these bacterial communities do indeed drive 
higher rates of virus production in the North Pacific. Further, sequencing of 
transcriptomes may allow us to use correlational analysis to begin to link many 
uncultivable taxa to virus sequences whose host is currently unknown (Moniruzzaman et 





Through use of microbial co-occurrence network analysis we have found that North 
Pacific Subtropical Gyre communities display topologies characteristic of systems that 
are more stable to environmental changes or loss of species. This hypothesis could be 
tested through use of mesocosm experiments in which natural communities from the gyre 
and transition regions are warmed to determine if network topologies change more 
rapidly in the transition region. Through use of centralities we have identified taxa that 
may play an important role in community structure. In order to test these hypotheses 
further, it would be enlightening to study changes in distributions of these taxa to 
understand how it correlates to community change in the regions in which North Pacific 
Subtropical Gyre expansion is occurring. 
Finally, we were able to develop an assay to isolate virus resistant strains of 
Synechococcus WH7803. Although work to identify the insertion points of the transposon 
is ongoing, our assay has generated probable transposon mutants. This assay may allow 
us to characterize the role of genes necessary for cyanomyoviral infection that may have 
an increased fitness cost over spontaneously generated mutants. Thereby giving greater 
insight into genes that may be under greater selective pressure in cyanobacteria within the 
marine system. Furthermore, this assay can be easily adapted to other cyanobacteria as 
well as virus types relevant to the marine system, allowing for identification of genes 
necessary for productive viral infections in diverse hosts. Better understanding of the 
genetic underpinnings of virally induced bacterial mortality will ultimately allow for 
more accurate characterization of the role viruses may play in constraining microbial 





further characterize and incorporate biotic interactions in studies of marine microbial 
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